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Asymmetric Palladium(0)-Catalyzed C(sp3)-H Arylation and 
Natural Product Synthesis 
Abstract 
Over the last decades, C(sp3)-H activation has emerged as a powerful tool for building 
structural complexity in a step-economical manner. In this context, our group developed diverse 
methodologies and applied them to the synthesis of natural products, bioactive molecules and 
valuable building blocks. 
More recently, our group was attracted, as others, by the development of asymmetric versions 
of such reactions. In this regard, the synthesis of enantioenriched indanes through asymmetric 
palladium-catalyzed C(sp3)-H arylation was described using a chiral binepine ligand for chiral 
induction. This work motivated us to develop other asymmetric reactions and apply them to the 
synthesis of interesting compounds. 
In this optic, we first investigated the use of a chiral anion as an alternative to the classic 
approach using chiral NHC or phosphorylated ligands. This led to the development of a new 
methodology for the synthesis of enantioenriched indolines. 
We then elaborated a divergent asymmetric synthesis of three (nor)illudalanes sesquiterpenes 
using C(sp3)-H arylation as the key step, which demonstrates the potential of such 
transformations to access chiral natural products. 
Finally, we are actually developing a new methodology for the asymmetric C(sp3)-H 
arylation of unactivated methylene positions to prepare valuable indanes related to potential 
natural product targets. 
Keywords: C-H functionalization, C-H activation, asymmetric catalysis, palladium, total 
synthesis, indolines, indanes 
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1. General Introduction 
1.1. From the Concept of Chirality in Chemistry to Asymmetric 
Synthesis 
1.1.1. Early History of Chirality in Chemistry 
The history of chirality in Chemistry began in the nineteenth century with the discovery of 
the rotation of linearly polarized light. The French physicist F. J. D. Arago observed in 1811 
that quartz can induce this rotation.1 Few years later, in 1820, the English astronomer Sir J. F. 
W. Herschel observed that quartz can adopt crystalline structures that are mirror images of each 
other.2 When linearly polarized light passes through those two types of quartz, an equal amount 
of rotation is measured, but in opposite directions. In the meantime, in 1815, J. B. Biot 
discovered that certain liquids and vapors of organic substances can rotate the axis of polarized 
light as well.3 This was first observed for oil of turpentine, and then for plenty of other liquids 
like sugars or tartaric acid solutions. 
Later, L. Pasteur made a discovery which is considered as the foundation of stereochemistry.4 
Before he began his experiments on this subject, it was already well-known that tartaric acid 
was optically active and dextrorotatory in solution. Nevertheless, an isomeric compound of 
tartaric acid, discovered during the production of natural tartaric acid, and called at that time 
paratartaric acid, did not show the same optical activity. L. Pasteur observed that crystals of 
sodium ammonium paratartrate present two distinct structures, which are mirror images of each 
other. In solution, those two types of crystals present an equal optical activity, but in opposite 
directions. L. Pasteur proposed that tartaric acid should exist in two chiral forms and concluded 
that paratartaric acid is an equimolar mixture thereof. 
J. H. van’t Hoff5 and J. A. Le Bel,6 in 1874, proposed that the optical activity of organic 
compounds may be linked to a tetrahedral geometry of carbon atoms. Indeed, if the 4 atoms 
linked to a carbon are different, the obtained tetrahedron can exist in two different structures, 
mirror images of each other. Later, A. Werner similarly proposed an octahedral arrangement 
for metal complexes showing optical activity.7 
Since these important discoveries, the chemistry community disclosed that molecular 
chirality plays a key role in science and technology. Two enantiomers can have extremely 




these differences can as well transform a useful drug into a terrible poison.10–12 In regard of the 
importance of chiral molecules, the field of asymmetric synthesis has become a fundamental 
topic in research and chemists have now been working intensively since decades on the 
development of effective ways to control stereochemistry. 
1.1.2. Asymmetric Synthesis 
Since the beginning of the twentieth century, researchers have developed many smart 
strategies to isolate or prepare enantioenriched compounds. The first one, introduced by L. 
Pasteur, is the isolation of enantioenriched crystals from a racemic mixture.4 This method is 
called spontaneous resolution. Besides the important results that this method gave in the early 
age of asymmetric chemistry, this type of resolution is only possible for a reduced number of 
compounds. Later, chemists found that resolution of racemates is also possible by formation of 
ionic or covalent bond with an enantiopure substance, usually an abundant natural molecule. 
The formed diastereomeric mixture can then be separated via crystallization or 
chromatography, and the introduced bond cleaved to release the enantioenriched product.13 This 
method is still broadly used and convenient on large scale for separation by crystallization, but 
not general.14 More recently, a lot of efforts have been made to directly separate enantiomers 
by chromatography using a chiral stationary phase. This is now the method of choice for the 
analysis of enantiomeric mixtures.15 However, the separation of enantiomers via this way is 
generally limited to small amounts of material. 
A more synthetic approach for the preparation of enantioenriched compounds consists in the 
use of naturally abundant chiral molecules (chiral pool) and further modifications via known 
synthetic methods.14 This strategy proved to be useful, but cannot be applied to every synthetic 
problem. Hence, chemists developed methodologies using chiral reagents or chiral auxiliaries 
as new ways to prepare enantioenriched compounds.16 These synthetic tools have become 
highly popular and are now part of the knowledge that every synthetic chemist should handle. 
Nevertheless, major drawbacks of such methods are the stochiometric use of a chiral molecule 
or the additional steps required for installation and removal of an auxiliary. For these reasons, 
organic chemists turned their attention to asymmetric catalysis as an alternative to other 
methods. Theoretically, asymmetric catalysis is an ideal solution for synthesizing optically 




1.2. Asymmetric Catalysis 
1.2.1. Fundamentals 
Catalysis consists in increasing the rate of a reaction by addition of a small amount of catalyst 
regenerated in the end of the reaction without modification of the overall standard Gibbs energy. 
In asymmetric catalysis, the objective is to tune carefully a chiral catalyst to induce an energy 
differentiation in diastereomeric transition states (prochiral substrate-catalyst complex) (Figure 
1.1, left). This differentiation is induced by the combination of both an ideal three-dimensional 
arrangement and a suitable kinetic. The enantioselectivity of a catalyzed reaction is 
exponentially related to the free energy of activation difference (ΔΔG‡) (Figure 1.1, right). 
Besides careful control of the enantio-determining step, the catalyst must be well-designed to 
allow all other steps of the catalytic cycle.19,20 
  
Figure 1.1. Left – simplified profile of an asymmetric catalysed reaction (one step). Right – free energy of 
activation as a function of the enantiomeric ratio at different temperatures. 
Relatively to overall activation barriers or individual bond energies,21 the values of ΔΔG‡ 
necessary to achieve high enantioselectivities are small (Figure 1.1, right). Nevertheless, such 
differentiations are difficult to achieve and require a precise identification of the involved 
interactions. 
Despite the fact that many beautiful examples of enantioselective reactions can be found in 
bio- or organocatalysis, this introduction will be focused on metal-based asymmetric catalysis, 
for the sake of conciseness. The use of a catalyst based on the combination of a metal with 
chiral ligands constitute a powerful strategy. Indeed, the flexibility of such systems is broad. 
The range of available metals with their different properties combined with the variety of 
possible chiral ligands allows a considerable number of possibilities. This explains the 
































1.2.2. Major Contributions 
Despite early examples of asymmetric syntheses of polymers by Natta in the sixties, the first 
example of asymmetric organometallic catalysis was the cyclopropanation of alkenes described 
by H. Nozaki, R. Noyori et al. in 1966.22 Although only low enantioselectivity was achieved 
(6% ee) using a Salen-copper catalyst (Scheme 1.1), this result initiated further investigations 
in this field. Since this decade, the area of asymmetric catalysis has never stopped growing 
(Figure 1.2). 
 
Scheme 1.1. Seminal work on copper-catalyzed asymmetric cyclopropanation. 
  
Figure 1.2. SciFinder® results for asymmetric catalysis – publications per year.  
Asymmetric hydrogenation is certainly one of the subjects that impacted the most this 
domain, thanks to the extensive work of R. Noyori, W. S. Knowles, H. Kagan and others.23 
Indeed, the development of C2-symmetrical diphosphine ligands, like DIOP (Scheme 1.2b), 
which was introduced by Kagan,24 was a great advancement and inspiration to induce 
effectively enantioselectivity. This early age of asymmetric hydrogenation culminated in 1975 
with the famous Monsanto process for L-dopa.25 Knowles developed the hydrogenation of 1.9 
with rhodium and DIPAMP with excellent enantioselectivity (Scheme 1.2a). This was the first 
industrial application of asymmetric synthesis and the first milestone in this field.  
Another major contributor to the popularity of asymmetric methodologies is K. B. Sharpless. 





















synthesis. In 1980, he developed the asymmetric epoxidation of allylic alcohols, using a 
combination of titanium and tartrate esters.26 This method proved to be broadly applicable and 
predictable with a simple model despite a non-obvious enantiodetermining dititanium 
transition-state. Moreover, enantioselective dihydroxylation27 and aminohydroxylation28 are 
also important parts of his legacy to organic chemistry. 
 
Scheme 1.2. (a) Synthesis of L-DOPA by Knowles and Monsanto. (b) Examples of other diphosphine ligands. 
The development, in 1980, of BINAP (Scheme 1.2b) by R. Noyori29 is also another 
breakthrough in this history. The combination of this ligand with ruthenium gave impressive 
results in the hydrogenation of unsaturated substrates such as alkenes or carbonyls. 
Additionally, BINAP with rhodium allowed the effective isomerization of allyl amines to 
enamines. For instance, this found an industrial application in the synthesis of (-)-menthol 
(Scheme 1.3), known as the Takasago process.29,30 
 
Scheme 1.3. Takasago process for the industrial synthesis of (-)-menthol. 
There are many other excellent chemists who contributed to the notoriety of this field and 
that should be cited here. As examples, B. M. Trost, E. N. Jacobsen, H. Yamamoto, M. 




such as semicorins, bisoxazolines or PHOX.31,32 All the work done by those giants of 
asymmetric catalysis constituted solid foundations and an inspiration for our contemporary 
research.  
1.3. Metal-Catalyzed C-H Bond Functionalization 
1.3.1. Generalities 
The direct functionalization of C-H bonds is one of the long-standing objectives in organic 
synthesis. Indeed, C-H bonds are the most common bonds found in organic materials. Direct 
functionalization of this type of bonds would avoid classical functional groups manipulations 
and bring to more atom-economical processes. Most reactions developed in organic synthesis 
take advantage of polarized or polarizable reactive bonds. In contrast, aliphatic or aromatic C-
H bonds are intrinsically stable due to their low polarization and strong σ-bond character.33 
Nevertheless, the cleavage of such bonds in alkanes or arenes is commonly used since 
thousands of years to generate energy via combustion. Even in organic synthesis, radical 
cleavage, carbene insertion or metalation with strongly basic reagents have been known for a 
long time. Thus, the challenge in the development of reactions for C-H bond functionalization 
is to conduct this type of transformations selectively. The selectivity of the previously enounced 
transformations can be predicted thanks to electronic or steric factors. However, selectivity 
becomes a challenge when a non-reactive C-H bond must be functionalized preferentially to 
another or when multiple reactive C-H bonds are present. One solution found to solve this issue 
was to use a preinstalled functional group to selectively generate a reactive species. This 
reactive species will then react with a close C-H bond for further functionalization.34–36 This 
strategy was used for radical shift and carbene intramolecular C-H insertion. Moreover, such 
methods were successfully applied in total synthesis.37,38 Over the time, metal-catalysis has 
emerged as an elegant solution and toolbox for C-H functionalization. Different reactivities 
were observed and further developed to promote a wide range of transformations.39 
1.3.2. Classification 
Metal-catalyzed C-H functionalization can be divided into five major groups: 1) C-H 
oxidation; 2) C-H insertion; 3) C-H oxidative addition; 4) C-H activation; 5) σ-bond metathesis. 
The first two involve an outer-sphere coordination mechanism, without formation of a carbon-
metal bond, but only via coordination of the oxo-metal or carbenoid/nitrenoid-metal species. 




bond generated via direct oxidative addition, C-H activation or σ-bond metathesis (Scheme 
1.4).39,40  
 
Scheme 1.4. Different groups of metal catalyzed C-H functionalization. 
These different types of C-H functionalization possess their own particularities, advantages 
and drawbacks due to distinct mechanisms and related interactions. In the next part, we will 
discuss the application of these different strategies for asymmetric C(sp3)-H functionalization. 
Moreover, we will focus on enantioselective metal-catalyzed C(sp3)-H functionalization 
reactions in which the generated stereocenter results from the C(sp3)-H bond cleavage 
exclusively. Therefore, diastereoselective reactions, C(sp2)-H functionalization and 
enantioselective reactions relying on another enantio-determining step will not be discussed. 
1.4. Asymmetric Metal-Catalyzed C-H Functionalization 
1.4.1. Generalities 
In asymmetric catalyzed C(sp3)-H functionalization, the generation of chiral centers can be 
divided into three categories.41,42 First, the desymmetrization of C(sp3)-H bonds located on two 
enantiotopic carbons. In this case, the obtained stereocenter is created in an adjacent position to 
the activated site. Secondly, the desymmetrization of the two enantiotopic hydrogen atoms of a 
methylene position with generation of the chiral center directly at the activated site. The last 
one consists in the resolution of a racemic mixture. This third category contains only few 
examples that can be divided in three subcategories. In the case of pure kinetic resolution, only 
one enantiomer of the racemic starting material is functionalized, and the other enantiomer can 
be recovered enantioenriched and unchanged. Secondly, parallel kinetic resolution, where both 
enantiomers react to form two different enantioenriched products, and finally, dynamic kinetic 




manuscript was written and to the best of our knowledge there was no reported example of 
dynamic kinetic resolution corresponding to the criteria of this introduction (Scheme 1.5).  
 
Scheme 1.5. Different categories of asymmetric C(sp3)-H functionalization reactions. 
1.4.2. C(sp3)-H Oxidation 
C-H oxidation is a biomimetic approach for C-H functionalization. Indeed, this strategy is 
directly inspired from naturally occurring metalloenzymes that catalyze C-H oxidation. There 
are many examples of metalloenzymes able to oxidize C-H bonds with an impressive level of 
chemo- and enantioselectivity (Scheme 1.6).43–45 Thus, it is not surprising that chemists took 
the opportunity to reproduce those properties to build new synthetic tools.46 
 




C-H oxidation occurs via an outer-sphere mechanism composed of two major steps. First, a 
hydrogen atom transfer (HAT) to a metal-oxo complex proceeds to form a radical pair. Then, 
after a fast O-rebinding, the oxidized product is formed. Enantioselectivity in this process 
comes from both steps. Besides the enantioselectivity of the first HAT step, the radical lifetime, 
and the enantioselectivity of the rebound may have a determining effect on the overall 
stereoselectivity of the reaction. Indeed, depending on the nature of the radical intermediate, 
racemization can occur prior to rebounding (Scheme 1.7a). Moreover, in this type of systems, 
the necessity to use a strong oxidant capable to oxidize aliphatic C-H bonds induces the risk of 
possible overoxidation. For this reason, asymmetric C-H oxidation of enantiotopic protons of a 
methylene position is more challenging than desymmetrization. Indeed, in desymmetrization, 
overoxidation would lead to the corresponding carbonyl with an adjacent stereocenter 
untouched (Scheme 1.7b). 
 
Scheme 1.7. (a) General mechanism of C-H oxidation. (b) Overoxidation issue in asymmetric C-H oxidation. 
Selectivity of C-H oxidation is controlled by the HAT process and depends on many factors. 
Moreover, structural properties play a key role due to radical stabilization. However, selectivity 
also depends on other electronic effects and interactions, such as torsional and 1,3-diaxial 
strains, as well as on the solvent and Lewis acid used.47,48  
The first example of desymmetrization via C-H oxidation was reported by T. Katsuki in 
1998.49 C-H oxidation of tetrahydrofuran and tetrahydropyran derivatives was reported using 2 
mol% of Mn-salen complex 1.34 and iodosobenzene as stochiometric oxidant in chlorobenzene 
at -30°C. The corresponding enantioenriched lactols were isolated in 41-61% yield with 82-




due to steric congestion in the adjacent position. T. Katsuki then applied this methodology to 
pyrolidines with a broader scope.50 
 
 
Scheme 1.8. Desymmetrizing C-H oxidation using Mn-salen complex.  
Different methodologies were developed for the desymmetrization of indane derivatives to 
form the corresponding enantioenriched indanone products via enantioselective C-H 
overoxidation.46 For example, Nam and Sun prepared enantioenriched spiroindanones using 
catalyst 1.43 with hydrogen peroxide as stochiometric oxidant in presence of 2,2-
dimethylbutanoic acid (DMBA) (Scheme 1.9). This report presents a highly site- and 
enantioselective C-H oxidation under mild conditions and a low catalyst loading.51  
 
Scheme 1.9. Synthesis of spirocyclic indanones via enantioselective C-H oxidation. 
Besides other examples of desymmetrization, J. Groves, a pioneer in the field of asymmetric 
C-H oxidation described the enantioselective functionalization of enantiotopic methylenes 
protons. His first reports were published in 1989 and 1990 and present the oxidation of benzylic 
positions using chiral iron porphyrin catalyst 1.44.52 Despite moderate yields and 
enantioselectivities, a relevant study was done with deuterated ethylbenzene indicating that 
HAT is the enantiodetermining step of this process (Scheme 1.10). Moreover, a strong isotope 





Scheme 1.10. C-H oxidation of enantiopure deuterium-labeled ethylbenzene and analysis (spectroscopy, each 
enantiomer). 
Since this discovery, asymmetric C-H oxidation of benzylic positions has been extensively 
studied by different groups. For example, T. Bach described recently the enantioselective C-H 
oxidation of 3,4-dihydroquinolones using a Mn porphyrin complex. In this case, the 
incorporation of a chiral template, able to interact via H-bonding with the substrate, on the 
porphyrin ligand was determining to achieve high enantioselectivity (Scheme 1.11).53 
 
Scheme 1.11. Asymmetric C-H oxidation of 3,4-dihydroquinolones. 
Kinetic resolution is underrepresented in this field. The first report was published by Z. Gross 
in 1999. Resolution of tertiary alkanes was examined using chiral Ru porphyrin complex 1.53 





Scheme 1.12. Kinetic resolution of alkanes via C-H oxidation. 
1.4.3. C(sp3)-H Insertion 
Asymmetric C-H insertion is an important field in enantioselective C-H functionalization.55–
57 As for C-H oxidation, C-H insertion also proceeds via an outer-sphere mechanism. After 
formation of a metal carbenoid or nitrenoid, C-H insertion occurs via a 3-centers transition-
state (Scheme 1.13a). Due to the formation of a partial positive charge on the activated site 
during C-H insertion, this type of transformations occurs preferentially at carbocation-
stabilizing positions. However, steric interactions play a crucial role as well and more accessible 
C-H bonds are more prone to react (Scheme 1.13b).  
 
Scheme 1.13. (a) C-H insertion mechanism. (b) Relative rates of reactivity in C-H insertion with Rh2(DOSP)4. 
(c) Metal carbenoids formation – type of carbenoids. (d) Metal nitrenoids formation. 
 In intramolecular cases, formation of 5-membered rings is favored for carbenoids and 
carbamate nitrenoids, whereas 6-membered rings are preferentially formed for sulfamate 
nitrenoids. The nature of the employed carbene precursor is also determining for the observed 




2) acceptor/acceptor; 3) acceptor/donor. Acceptor refers to electron withdrawing groups and, 
in contrary, donor refers to electrondonating groups. Acceptors amplify the electrophilic 
character and the reactivity of carbenoids, whereas donors stabilize carbenoids and improve 
their selectivity (Scheme 1.13c). In the case of carbenoids with two different substituents, up 
to two stereocenters are created during C-H insertion. Therefore, diastereomeric mixtures are 
formed. Due to the additional diastereoselectivity issues, the outcome of such transformations 
is more difficult to control. A well-designed catalyst is required to force the approach of the 
substrate from one selected face of the carbenoid and to control the regioselectivity.58 
Nevertheless, this particularity allows the formation of a stereocenter, even in the case of C-H 
insertion into a non-prochiral position. 
In 1990, M. McKervey was the first to report an enantioselective C-H insertion using the 
prolinate dirhodium complex Rh2(S-BSP)4 (Scheme 1.14).
59 Only one reaction was described 
with high yield and moderate enantioselectivity (90%, 12% ee). Nevertheless, this result 
brought interest for asymmetric carbenoid C-H insertion. 
 
Scheme 1.14. First example of asymmetric carbenoid C-H insertion 
 




During the following years, different major contributors in this field concentrated their efforts 
on the development of new chiral catalysts to improve enantio-, diastereo- and 
chemoselectivity. Their attention was mainly focused on amino acid-based dirhodium catalysts 
(Scheme 1.15), which are also effective for enantioselective cyclopropanation.60 However, 
other metals, such as copper61–64 or iridium65 also proved efficient to promote carbenoid C-H 
insertion. The first good results were obtained for intramolecular C-H insertion66–75 and were 
successfully applied to the synthesis of active molecules (Scheme 1.16a).76,77 Then 
Rh2(DOSP)4, developed by H. Davies, found broad applications in intermolecular carbenoid C-
H insertion and became one of the most general catalyst in this field (Scheme 1.16b).58 
Moreover, enantioselectivity and diastereoselectivity are well rationalized with this catalyst 
thanks to extensive studies by H. Davies. In addition, more recent reports present impressive 
chemoselectivity for specific C-H bond functionalization of complex molecules in 
intermolecular asymmetric carbenoid C-H insertion thanks to fine catalyst and carbenoid 
precursor design.78–82 
 
Scheme 1.16. (a) Representative applications of intramolecular carbenoid C-H insertion. (b) Selected examples 




Enantioselective C-H amination via insertion appeared later than the previously discussed 
chemistry. In 1997, P. Müller described the asymmetric amination of indane using Rh2(BNP)4 
and excess NsN=IPh leading to the corresponding indanol in 71% yield and 33% ee.83 Then, 
similar intermolecular and intramolecular reactions were examined by the same group and the 
Davies group.84–86 However, the obtained ee were generally below 80% and an excess of 
substrate or oxidant was necessary. In complement, P. Dauban recently described a general and 
efficient methodology for the intermolecular amination of benzylic positions using a similar 
strategy.87 One major breakthrough came in 2011 with the work of J. Du Bois and his design 
of a chiral dirhodium catalyst with higher redox potential and more donating ligands to stabilize 
nitrene intermediates (Scheme 1.17a).88 This allowed excellent levels of reactivity and 
enantioselectivity. Even allylic C-H amination, for which competitive aziridination is usually 
observed, was described (Scheme 1.17b). Ruthenium complexes also proved efficient for 
enantioselective C-H amination, but, in this case, the mechanistic pathway is not always 
clear.89,90 Indeed, a radical C-H abstraction pathway with fast rebinding is also reasonable as 
for C-H oxidation. Moreover, S. Chang, G. He and G. Chen recently reported a highly 
enantioselective  intramolecular C-H amination methodology via nitrene insertion with iridium 
for the preparation of a variety of γ-lactams.91,92 
 
Scheme 1.17. (a) Catalyst design based on redox potential. (b) Selected examples of the reaction scope. 
1.4.4. C(sp3)-H Activation via Oxidative Addition  
In the next two parts, the described processes will occur via metalation of C-H bonds. For 




metalation. Metalation can be directed via coordination of the metal to a Lewis basic functional 
group of the substrate or by oxidative addition (Scheme 1.18). Hence, the metal is placed in 
close proximity to the targeted C-H bonds, resulting in a lower activation barrier and a better 
selectivity for the metalation step compared to non-directed cases. 
 
Scheme 1.18. Strategies for directed C-H metalation via: (a) coordination or (b) oxidative addition. 
Oxidative addition in unactivated C-H bonds is one possibility for C-H metalation and was 
observed since early ages of organometallic chemistry with a wide range of metals.20,40 The C-
H oxidative addition process occurs via the same interactions that the one responsible for the 
H-H oxidative addition. First, a σ-complex is formed between the metal center and a C-H bond 
via donation of the σ-orbital into a metal orbital and back-donation of metal orbitals to the σ*-
orbital. Then, oxidative addition proceeds through a flow of electrons from the C-H σ-bond to 
the metal and from π-orbitals of the metal C-H σ*-orbital. Despite many interesting examples 
of methodologies taking advantage of this process,93–95 only few examples of asymmetric 
reactions have been described.  
 
Scheme 1.19. Asymmetric dehydrogenative silylation reported by Murai and Takai. 
One of them was reported by M. Murai and K. Takai in 2015, in the context of 




addition into the Si-H bond serves to direct the subsequent oxidative addition into the C-H bond 
of one enantiotopic methyl group. A moderate enantioselectivity was observed for 
desymmetrization of substrates 1.82 and 1.84 using different chiral diphosphines (Scheme 
1.19). One year later, J. Hartwig developed a similar process for the dehydrogenative 
enantioselective silylation of cyclopropanes using Rhodium and (S)-DTBM-SEGPHOS.97 The 
reaction proved to be effective with a wide range of cyclopropanes bearing an aromatic 
substituent, but gave lower enantioselectivity with alkyl moieties. The same group also 
generalized the desymmetrization of isopropyl groups previously introduced by Murai and 
Takai using iridium and N,N-ligand 1.90 (Scheme 1.20).98 The mechanism of this reaction was 
further examined by G. Huang.99 In this study, the C-H oxidative addition was demonstrated to 
be both the enantio- and rate-determiming step, in accordance with the observed enantiomeric 
excess and kinetic isotope effect.  
 
Scheme 1.20. Improvement of asymmetric dehydrogenative silylation by Hartwig. 
T. Shibata took advantage of a pyridine directing group for the alkylation of 2-
(ethylamino)pyridine and N-(2-pyridyl)-γ-butyrolactam in α-position to the nitrogen using 
iridium combined with (S)-tolBINAP. This methodology was applicable to diverse substrates 
and alkene partners (Scheme 1.21a).100–102 Moreover, the synthesis of γ-amino acids and 
pyrrolam A were described using this strategy. Similarly, M. Sawamura explored the 
enantioselective C-H borylation of methylene positions using pyridine as a directing group. In 
a first report, they showed a moderate induction using rhodium or iridium combined with a 
BINOL derived phosphoramidites,103 first introduced by J. Hartwig.104 More recently, the same 
group described a more efficient system using iridium and the bis(BINOL)-based phosphite 
1.98.105 These conditions gave excellent yields and enantioselectivities for diverse substrates 





Scheme 1.21. (a) Asymmetric directed C-H alkylation of 2-aminopyridine derivatives. (b) Enantioselective 
directed C-H borylation of methylene positions. 
1.4.5. Base mediated C(sp3)-H Activation 
First of all, C-H activation is a term widely employed for a range of different reactions. It is 
generally admitted that this term refers to reactions between a transition-metal complex and a 
C-H bond with formation of a new metal-carbon bond. Here, this expression will refer to 
metalation via assisted C-H bond cleavage usually named CMD for concerted metalation-
deprotonation or AMLA for ambiphilic metal-ligand activation.106–114 In this process, the 
oxidation state of the metal stays unchanged in contrary to previous part examples. 
Nevertheless, reactions discussed in part 1.4.4 can be classified as C-H activation processes as 
well. 
As previously discussed for C-H oxidative addition, two main strategies are used in 
enantioselective C(sp3)-H activation, one via coordination of the metal to the substrate, usually 
called directed, and the other via oxidative addition. Palladium is the most commonly used 
metal for asymmetric transformations of this kind. This is true for both approaches due to the 
ability of Pd(II) to effectively promote CMD processes with C(sp3)-H bonds, although other 
metals115–117 can form competent catalysts. In the case of directed C-H activation, a source of 
Pd(II) is used. After coordination to the substrate via a directing group, C-H activation occurs 
leading to the corresponding alkyl-palladium(II) intermediate. Then, different pathways are 
possible (Scheme 1.22). The first one is a transmetalation with a nucleophile followed by 
reductive elimination, decoordination of the formed Pd(0) and release of the functionalized 




second one is the direct reductive elimination with formation of a bond between the activated 
position and the directing group, again an oxidant is needed to oxidized Pd(0) to Pd(II).  The 
third one is an oxidative addition into an electrophilic reagent to form a Pd(IV) intermediate 
followed by reductive elimination, decoordination of Pd(II) and formation of the product. 
 
Scheme 1.22. Mechanisms and information about directed C(sp3)-H activation via PdII/Pd0 and PdII/PdIV 
pathways. 
J.-Q. Yu is the most prolific contributor in enantioselective directed C(sp3)-H activation. 
Since 2008, both desymmetrization and methylene enantioselective reactions have been 
developed for a wide range of substrates and reaction partners (Scheme 1.23).118–134 In 
complement, B.-F. Shi extended those asymmetric methods to aryl bromide and alkyne bromide 
partners.135,136 Moreover, the use of the “transient directing group” concept in asymmetric 
C(sp3)-H activation by J.-Q. Yu in 2016 opened new opportunities.129 Prior to that a classical 
chiral ligand strategy was generally used, even if the use of a chiral CMD base for 
enantioselective directed C(sp3)-H activation was meanwhile introduced by W.-L. Duan137 and 
G. Chen.138 Besides, conjoint work of J.-Q. Yu and K. Houk on mechanistic calculations130,131 
suggests that acetylated ligands participate in the CMD process as deprotonating agents. 
Therefore, this type of ligands could be classified as bifunctional. In 2017, M. Gaunt reported 
an example of enantioselective amination via intramolecular reductive elimination between the 
amine directing group and the activated site using a BINOL-derived chiral phosphoric acid.139 
In this case, the exact role of the chiral phosphoric acid could not be clearly elucidated and it 









One example of kinetic resolution has been presented in this field by J.-Q. Yu in the context 
of an enantiotopic carbons desymmetrization methodology using a Pd(II)/Pd(0) system with an 
acetyl protected amino oxazoline (APAO) ligand and a NHTf directing group. Indeed, six 2-
substituted propyl amines were resolved with excellent enantiomeric excess and moderate 
yields.122 A recent collaboration between J.-Q. Yu and L. Gooßen presented an interesting 
methodology for the enantio- and diastereoswitchable C-H arylation of methylene groups in 
cycloalkanes controlled by both reaction partners and a fine choice of the ligand. This method 
allowed an unprecedented access to the four possible chiral products via one reaction.126 
The second approach via oxidative addition is complementary to the first one. Indeed, C(sp3)-
H activation via this way is the method of choice for the preparation of cyclic enantioenriched 
products for which coordination allows intermolecular reactions. A typical catalytic cycle starts 
with oxidative addition into a carbon-halogen or pseudohalogen bond, typically an aryl halide, 
aryl triflate, alkenyl halide or a 2-chlorocabonyl. Then, the halide on the palladium is exchanged 
for a base, typically a bulky carboxylate like pivalate. Then, metalation occurs through CMD 
process forming the corresponding palladacycle, which undergoes reductive elimination to 
regenerate Pd(0) and release the corresponding cyclized product (Scheme 1.24). A 
substochiometric amount of CMD base is generally used in combination with a stochiometric 
amount of an inorganic base to regenerate the CMD base after C-H activation. 
 
Scheme 1.24. Mechanism and information about oxidative addition induced C(sp3)-H activation via Pd0/PdII 
pathway. 
Major contributions in this field are presented in Scheme 1.25. The first enantioselective 
reactions based on this strategy were developed by P. Kündig140,141 and H. Kagan142 in 2011 for 




The methodology of P. Kündig using a bulky chiral NHC, inspired from H. Herrmann NHC,143 
proved to be more effective and general than the use of Me-DUPHOS by H. Kagan. Moreover, 
the work of P. Kündig covers the desymmetrization of two enantiotopic methylene carbons, 
even though the activation of methylene C-H bond is known to be challenging. In addition, the 
scope of the reaction was extended and presented in another report with mechanistic 
experiments and calculations.144 P. Kündig also reported the only example of parallel kinetic 
resolution in C(sp3)-H activation with the same catalytic system, also in the context of indolines 
synthesis.145,146 
 
Scheme 1.25. Major contributions in enantioselective oxidative addition induced C(sp3)-H activation. 
A similar indolines synthesis was reported in 2012 by N. Cramer. He introduced a new family 
of phosphine ligands inspired from a Buchwald-type backbone and containing a C2-symmetric 




both enantiotopic methyl and methylene carbons were functionalized with success. The same 
group reported the use of TADDOL-derived phosphoramidite and phosphonite ligands for 
different cyclizations.149–152 The first one was the synthesis of enantioenriched 
tetrahydroquinolones149 via desymmetrization of gem-disubstituted cyclopropyls in 2012. This 
methodology was extended few years later to the synthesis of dihydroisoquinolones.151 A 
similar example was recently reported by A. Charette using BozPhos, the monophosphine oxide 
analogue of Me-DUPHOS.153,154 The second one was the synthesis of β- and γ-lactams from α-
chloroamides.150,152 In the case of β-lactams,150 desymmetrization of enantiotopic protons on a 
benzylic position was achieved in high yields and enantioselectivities. For γ-lactams,152 
chirality came from the desymmetrization of the enantiotopic carbons of a gem-disubstituted 
cyclopropyl similarly to the previous example. In 2012, our group reported the synthesis of 
enantioenriched indanes via the desymmetrization of isopropyl groups using binepine ligands 
with high diastereoselectivities and promising enantioselectivities.155 After extensive ligand 
synthesis and screening, higher enantioselectivities and excellent diastereoselectivities could be 
reported. Furthermore, this system could be used for the desymmetrization of cycloalkanes 
leading to indanes containing up to three adjacent stereocenters. In complement, calculations 
were done to rationalize the enantio- and diasteroselective outcome of this transformation.156 
N. Cramer reported an interesting example of cyclopropyl desymmetrization using non-
classical trifluoroacetimidoyl chloride as oxidative addition sites combined with a new family 
of chiral alkoxy diazaphospholidines inspired from the NHCs developed by P. Kündig. In the 
context of β-lactams synthesis from carbamoyl chloride,157 our group showed the possible 
desymmetrization of two enantiotopic methyl groups using an elaborated TADDOL-derived 
phosphonite with good induction and yield on one example. Unfortunately, this method was 
less efficient for other substrates.158 
A recent intriguing example was reported by G. Chen in the context of enantioselective 
directed C(sp3)-H arylation.159 This methodology seems really similar to classical directed C-
H arylations discussed previously. However, mechanistic investigations tend to indicate that 
this transformation occurs through an unusual Pd(0)/Pd(II) pathway. The proposed mechanism, 
accordingly, is similar to intramolecular C-H arylation through oxidative addition, but in an 
intermolecular fashion. If this pathway is confirmed in the future, this would open a new type 




1.5. Research Aim and Work Described in This Thesis 
As Shown in the previous parts, over the last thirty years, metal-catalyzed enantioselective 
C(sp3)-H functionalization has emerged as an incredibly powerful tool for a variety of 
transformations. Our research group topics in C-H functionalization bring us to the limits of 
possible chiral or non-chiral transformations by exploring or improving new or existing 
concepts. We aim to develop new methods and apply them to the synthesis of natural products, 
bioactive molecules and valuable building blocks. 
In this thesis, we will first discuss a chiral CMD-base approach for the enantioselective 
synthesis of indolines via C(sp3)-H arylation. At the time, in 2015-2016, this approach had 
never been used effectively even in directed C-H activation and appeared to be an interesting 
alternative to the classical chiral ligand strategy. 
The second part will be dedicated to the divergent synthesis of (nor)illudalane sesquiterpenes 
based on a C(sp3)–H activation strategy. Both racemic and enantioselective syntheses will be 
discussed. 
Finally, in the third part, promising results on enantioselective indanes synthesis via 
activation of enantiopic protons of a methylene position will be presented. This methodology 
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2. Palladium(0)-Catalyzed Asymmetric C(sp3)-H Arylation: the 
Chiral Anion Approach 
⁎ Work done in collaboration with Dr. Lei Yang during his postodoctoral stay in our group. 
2.1. Introduction 
As presented previously, the racemic synthesis of indolines described by H. Ohno160 inspired 
the development of several enantioselective C(sp3)-H activation reactions and indolines became 
targets of choice for this kind of transformations. Considering the CMD transition-state, 
different groups proposed methodologies based on chiral ligands.140–142,144–148 Indeed, this 
strategy proved worthwhile and gave impressive results. Nevertheless, knowing the implication 
of a base in this transition-state, the use of a chiral base could also effect asymmetric induction. 
Actually, this opportunity was explored by H. Kagan142 and N. Cramer148 and was mentioned 
as foot notes in their early reports on the enantioselective synthesis of indolines (Scheme 2.1). 
H. Kagan observed traces of indoline product 2.7 with 65:35 e.r. when 50 mol% of N-Boc-L-
valine was used instead of pivalic acid even in absence of a phosphine ligand. N. Cramer 
observed the formation of indoline 2.10 in 20% yield and 71:29 e.r., in the context of methylene 
carbons desymmetrization, using chiral carboxylic acid 2.11 combined with IPr NHC ligand 
instead of 2.6. 
 
Scheme 2.1. Overview of the results obtained for the enantioselective synthesis of indolines via C(sp3)-H 
arylation using chiral ligands or chiral CMD bases. 
Based on these results, we decided to investigate in more details the synthesis of chiral 
indolines via C(sp3)-H activation using a chiral base. In order to increase our chances to find a 
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Brønsted base which would induce high levels of enantioselectivity and allow a smooth 
reactivity, we needed a family of bases with tunable steric, electronic and acidobasic properties. 
These features are comparable to the ones required to develop a new family of ligands.  
 
Figure 2.1. Possible modifications of BPAs. 
We turned our attention toward BINOL-derived phosphoric acids (BPAs) combined with an 
inorganic base. Indeed, this type of Brønsted acids are known to be highly tunable (Figure 2.1) 
and proved to be effective in cooperative palladium catalysis.161–163 Moreover, as we started 
this work, W.-L. Duan reported the use of a BPA derivative in enantioselective directed C(sp3)-
H arylation.137 This comforted us in our choice. Of note, while this work was ongoing and 
almost complete, the same group reported the use of the simplest BPA for the desymmetrization 
of ferrocene via C(sp2)-H arylation.164 In this context, they extended their methodology to the 
synthesis of two indolines and obtained up to 47% yield and 83:17 e.r..  
2.2. Preparation of Binol-Derived Phosphoric Acids  
For this project, we first synthetized a library of BPAs following known routes.165-175 Binol 
derivatives with different scafolds were prepared as precursors (Scheme 2.2). Then, (R)-BINOL 
was protected with methyl iodide or MOMCl. The obtained ethers were subjected to double 
ortho-lithiation and the lithiated species obtained quenched with different reagents to yield the 
corresponding 3,3’-bromide 2.14a, boronic acid 2.14b and iodide 2.14c. We also reduced (R)-
BINOL to the corresponding (R)-H8-BINOL 2.12 by hydrogenation. 
 
Scheme 2.2. Preparation of BPA precursors. 
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We then engaged boronic acid 2.14b into Suzuki cross-couplings with a variety of aryl 
bromides. The corresponding arylated products were demethylated with BBr3, phosphorylated 
with POCl3 and finally quenched with water to yield phosphoric acids 2.16a-i (Scheme 2.3). 
 
Scheme 2.3. Preparation of BPAs bearing different aromatic substituents in 3,3’ positions.  
For some substituents, other procedures were used. 2.13b was lithiated and quenched with 
methyl iodide and hexafluorobenzene to yield 2.17a,b respectively, which were then 
transformed to the corresponding BPAs following the usual procedure. In the case of 9-
phenantryl, 2.14c proved to be a better partner for the Suzuki cross-coupling and a nickel-
catalyzed Kumada cross-coupling was used to incorporate 2,4,6-tris(1-methylethyl)phenyl. To 
prepare the hydrogenated version of 2.16a, H8-BINOL was iodinated and subjected to the same 
route as its unsaturated analogue (Scheme 2.4). 
 
Scheme 2.4. Preparation of other BPAs. 
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With this range of BPAs in hands, we started our investigations for the synthesis of indolines 
using conditions based on the methodology developed by H. Ohno and coworkers. 
2.3. First Hit and Optimization 
Substrate 2.24a-Br was chosen for preliminary studies (Table 2.1) and prepared as described 
in previous reports.160 Under H. Ohno conditions, except for the replacement of pivalic acid 
with 2.16a-c,h, full conversion was observed in all cases by GC-MS (entries 1-4). After 
isolation and HPLC analysis using a chiral stationary phase, it turned out that the indolines 
formed in presence of 2.16a-c were completely racemic. A slight excess of 54:46 e.r. was 
observed in the case of 2.16h. We also ran the reaction without ligand as H. Kagan. Only traces 
of product were observed under these conditions (entry 5). Using free tricyclohexylphosphine 
instead of its tetrafluoroborate salt, similar results were observed (entry 6). We suspected that 
acetate ligands of the palladium source could competitively participate in the CMD process and 
thus lead to racemic products. Therefore, we changed Pd(OAc)2 and PCy3·HBF4 for well-
defined Pd(PCy3)2. We were pleased to observe indoline formation with 82:18 e.r. (entry 7). 
However, significant amounts of starting material and proto-debrominated byproduct were 
observed. Decreasing the amount of BPA to 10 mol% and increasing the reaction time to 24h 
resulted in similar induction and higher conversion (entry 8).  
Table 2.1. Preliminary screening based on H. Ohno conditions. 
 
Entrya Ar [Pd] Ligand Time (h) 
Yield of 
2.25a (%)b 
e.r. of 2.25ac 
1 Ph (2.16a) Pd(OAc)2 PCy3·HBF4 12 86 50:50 
2 1-naphtyl (2.16b) Pd(OAc)2 PCy3·HBF4 12 52 50:50 
3 2-naphtyl (2.16c) Pd(OAc)2 PCy3·HBF4 12 76 50:50 
4 3,5-(CF3)2Ph (2.16h) Pd(OAc)2 PCy3·HBF4 12 86 54:46 
5 2-naphtyl (2.16b) Pd(OAc)2 - 12 tracesd - 
6 2-naphtyl (2.16b) Pd(OAc)2 PCy3 12 68 50:50 
7 3,5-(CF3)2Ph (2.16h) Pd(PCy3)2 - 12 31 82:18 
8e 3,5-(CF3)2Ph (2.16h) Pd(PCy3)2 - 24 50 80:20 
 
aReaction carried on 0.2 mmol of 2.24a-Br. bIsolated yield. cDetermined by HPLC using a chiral phase. dEstimated by GC-MS analysis. 
e10 mol% of chiral phosphoric acid was used. 
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Based on those last conditions, we screened different BPAs of our library (Table 2.2). All 
BPAs gave poor induction (up to 57:43 e.r.) except 2.16h (entry 8). Moreover, no clear 
reactivity- or enantioselectivity-structure relationship could be deduced.  





e.r. of 2.25ac 
1 Ph (2.16a) 65 50:50 
2 1-naphtyl (2.16b) 71 53:47 
3 2-naphtyl (2.16c) 68 54:46 
4 4-biphenyl (2.16d) 52 53:47 
5 4-ClPh (2.16e) 47 54:46 
6 4-NO2Ph (2.16f) 34 54:46 
7 3,5-Me2Ph (2.16g) 39 57:43 
8 3,5-(CF3)2Ph (2.16h) 50 80:20 
9 3,5-(tBu)2Ph (2.16i) 63 55:45 
10 Me (2.18a) 80 52:48 
11 C5F6 (2.18b) 31 50:50 
12 [H8] and R= Ph (2.21) 52 50:50 
13 2,4,6-(iPr)3Ph (2.23a) 21 56:44 
14 9-phenanthryl (2.23b) 71 52:48 
15 (R)-VAPOL-P(O)OH 79 50:50 
 
aReaction carried on 0.2 mmol of 2.24a-Br. bIsolated yield. cDetermined by HPLC using a chiral phase. 
As 3,5-trifluoromethyl substituents seemed to be essential for enantioselectivity, we decided 
to prepare a range of new 3,3’-disubstituted BPAs to understand this effect (Scheme 2.5). 
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Scheme 2.5. Preparation of complementary BPA analogues of 2.16h.  
BPAs bearing isopropyl and nitro groups in place of trifluoromethyl were synthetized to 
mimic the steric or electronic properties of 2.16h. In complement, we also prepared the partially 
hydrogenated analogue of 2.16h to see the influence of the dihedral angle on the reaction 
outcome. After reaction in presence of these new BPAs, we observed in all cases lower 
enantioselectivity than when 2.16h was used (Table 2.3). These results indicate that dihedral 
angle plays a key role in the enantioselectivity like the 3,5-bis(trifluoromethyl)phenyl 
substituents whose effect remains unclear. 
Table 2.3. Test of complementary BPA analogues of 2.16h. 
 
Entrya Ar of BPA 
Yield of 
2.25a (%)b 
e.r. of 2.25ac 
1 3,5-(NO2)2Ph (2.16j) 50 57:43 
2 3,5-(iPr)2Ph (2.16k) 45 56:44 
3 [H8] and Ar= 3,5-(CF3)2Ph (2.27) 63 50:50 
 
aReaction carried on 0.2 mmol of 2.24a-Br. bIsolated yield. cDetermined by HPLC using a chiral phase. 
We then decided to investigate the effect of the stochiometric base (Table 2.4, entries 1-7). 
When changing cesium carbonate for lower alkali counter cations (entries 1-4), racemic 
mixtures were obtained in all cases, even if Rb2CO3 gave a higher yield. The use of cesium 
hydroxide resulted in similar enantioselectivity compared to cesium carbonate, but with a 
decreased reactivity (entry 5). For both cesium pivalate and potassium acetate, racemic products 
were isolated (entries 6,7), certainly because of competitive action in the CMD process as 
observed in preliminary investigations. Decreasing the temperature of the reaction to 120°C 
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had a benefic effect on enantioselectivity at the expense of reactivity (entry 8). We suspected 
that the low solubility of cesium carbonate in xylenes could be responsible for the incomplete 
deprotonation of BPA, which could account for the lower reactivity. Thus, we doubled the 
amount of cesium carbonate and observed a better conversion. Nevertheless, when the reaction 
was pushed to full conversion, an erosion of e.r. was observed (entries 9-10). We hypothesized 
that this erosion could come from the background reaction in which carbonate act as the CMD 
base without participation of BPA. 
 
Table 2.4. Screening of different bases. 
 
Entrya Base n (equiv.) T (°C) Time (h) 
Yield of 
2.25a (%)b 
e.r. of 2.25ac 
1 Li2CO3 1.5 140 24 0 - 
2 Na2CO3 1.5 140 24 0 - 
3 K2CO3 1.5 140 24 26 51:49 
4 Rb2CO3 1.5 140 24 73 50:50 
5 CsOH 1.5 140 24 29 79:21 
6 CsOPiv 1.5 140 24 63 50:50 
7 KOAc 1.5 140 24 16 50:50 
8 Cs2CO3 1.5 120 40 24 87:13 
9 Cs2CO3 3 120 24 55 88:12 
10 Cs2CO3 3 120 40 73 83:17 
 
aReaction carried on 0.2 mmol of 2.24a-Br. bIsolated yield. cDetermined by HPLC using a chiral phase. 
To check our hypothesis, we ran a batch of 5 reactions and stopped them after different 
reaction times (Table 2.5). Once again, we observed that a longer reaction time led to full 
conversion, but to lower e.r.. Thus, we decided to stop our reactions after 24h, even if full 
conversion could not be reached. 
Table 2.5. Evolution of yield and e.r. during the reaction. 
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Entrya Time (h) 
Yield of 
2.25a (%)b 
e.r. of 2.25ac 
 
1 4 16 90:10 
2 8 35 92:8 
3 12 40 92:8 
4 24 52 91:9 
5 60 82 87:13 
 
aReaction carried on 0.2 mmol of 2.24a-Br. bIsolated yield. cDetermined by HPLC using a chiral phase. 
At this stage, we decided to prepare phosphoramidate analogues of 2.16h (Scheme 2.6) to 
see the influence of the pKa on the reaction efficiency. We observed that using both new 
analogues resulted in lower reactivity and enantioselectivity (Table 2.6). 
 
Scheme 2.6. Preparation of BPA analogues of 2.16h with different acidity. 





e.r. of 2.25ac 
1 NH2 (2.28a) 50 84:16 
2 NHTf (2.28b) 15 55:45 
 
aReaction carried on 0.2 mmol of 2.24a-Br. bIsolated yield. cDetermined by HPLC using a chiral phase. 
We then turned our attention to an extensive solvent screening (Table 2.7). It turned out that 
other aromatic solvents (entries 1-7) gave similar results as xylenes. In all cases, full conversion 
could not be achieved, even if α,α,α-trifluorotoluene seemed really promising since we 




















Evolution of Yield and e.r. During the Reaction
yield
e.r.
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(entries 8-11) gave average yields and lower enantioselectivities. This may be due to carbonate 
dissolution and its participation in the CMD. 1,4-dioxane gave complete conversion to the 
proto-debrominated product (entry 12). However, other ethers gave interesting results (entries 
13-16). Dibutyl ether led to full conversion, but low induction. 2-MeTHF, THF and DME gave 
the best e.r. obtained so far and full conversion in the case of DME. Moreover, addition of 4Å 
molecular sieve in the reaction led to both better isolated yield and enantioselectivity (entries 
17,18). We decided to keep those final conditions for further investigations. 
 
 





e.r. of 2.25ac 
1 toluene 64 88:12 
2 m-xylene 55 91:9 
3 cumene 49 87:13 
4 mesitylene 58 94:16 
5 α,α,α-trifluorotoluene 80 90:10 
6 chlorobenzene 26 90:10 
7 anisole 60 89:11 
8 DMF 44 74:26 
9 DMSO 25 50:50 
10 tert-amyl alcohol 42 51:49 
11 HFIP - - 
12 1,4-dioxane - - 
13 dibutyl ether 82 62:38 
14 2-MeTHF 34 95:5 
15 THF 55 94:6 
16 DME 84 93:7 
17d THF 71 96:4 
18d DME 86 96:4 
 
aReaction carried on 0.2 mmol of 2.24a-Br, all reactions were degassed prior to run. bIsolated yield. cDetermined by HPLC using a chiral 
phase. d50 mg of 4Å molecular sieve powder was added. 
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We then wanted to determine the limits of our system concerning the minimum catalyst 
loading, temperature, concentration and time (Table 2.8). When the Pd(PCy3)2 loading was 
halved, both yield and e.r. decreased significantly (entry 1). Reactivity suffered from a lower 
temperature of 100°C, even if the enantioselectivity remained stable (entry 2). Increasing the 
amount of BPA gave similar results (entries 4,5), but with only 5 mol% of BPA lower yield and 
enantioselectivity were observed (entry 3). The concentration of 0.1 M used since the beginning 
of this optimization seems to be optimal and offers the best compromise between reactivity and 
induction (entries 6,7). Finally, the reaction time could be reduced to 16h with only slightly 
lower yield (entry 8). 
 












e.r. of 2.25ac 
1d 0.1 120 24 10 43 85:15 
2 0.1 100 24 10 44 97:3 
3 0.1 120 16 5 73 95:5 
4 0.1 120 16 20 84 97:3 
5 0.1 120 16 30 84 97:3 
6 0.05 120 16 10 87 93:7 
7 0.2 120 16 10 74 97:3 
8 0.1 120 16 10 80 97:3 
 
aReaction carried on 0.2 mmol of 2.24a-Br. All reactions were degassed prior to run. bIsolated yield. cDetermined by HPLC using a chiral 
phase. d2.5 mol% of Pd(PCy3)2 was used. 
We finally ran few control experiments (Table 2.9). Without BPA, product formation was 
still observed (entry 1), which confirms that a slow background reaction takes place, probably 
with carbonate, to lead to a racemic product. No reaction occurred in the absence of a phosphine 
ligand (entry 2) and PCy3 furnished the highest reactivity (entry 3) among all the tested 
monophosphines (entries 4-6). 
Table 2.9. Control experiments. 
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Entrya n (mol%) [Pd0] PR3 
Yield of 
2.25a (%)b 
e.r. of 2.25ac 
1 - Pd(PCy3)2 29 - 
2 10 Pd2dba3 - traces - 
3 10 Pd2dba3 PCy3 61 95:5 
4 10 Pd2dba3 PPh3 <20d 91:9 
5 10 Pd2dba3 PCyp3 24 97:3 
6 10 Pd2dba3 PtBu2Me <20d 97:3 
 
aReaction carried on 0.2 mmol of 2.24a-Br. All reactions were degassed prior to run. bIsolated yield. cDetermined by HPLC using a chiral 
phase. dEstimated by GC-MS analysis. 
2.4. Scope and Limitations 
We then prepared a range of N-protected-N-isopropyl-o-bromoanilines from o-bromoanilines 
via known methods (Scheme 2.7).160,176,177 We used two different procedures for reductive 
amination. In most cases we used a two-step sequence via condensation of acetone with a 
catalytic amount of acid in presence of a desiccant followed by reduction with sodium 
borohydride. For some difficult substrates, we used the other one-pot procedure using 2-
methoxypropene and sodium triacetoxyborohydride. The corresponding alkylated anilines were 
then protected using different classic procedures. In the case of 2.24u, reductive methylation 
by hydrogenation of 2.24o was performed. 
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Scheme 2.7. Preparation of substrates bearing an isopropyl moiety 2.24a-u. 
All corresponding racemic indolines were prepared successfully from these substrates using 
conditions developed by H. Ohno. With all racemic references for chiral HPLC analysis in 
hand, we engaged these substrates in the enantioselective transformation under the previously 
optimized conditions (Scheme 2.8). We first explored the tolerance of the reaction for different 
halogens as oxidative addition site. Iodide 2.24a-I led to same enantioselectivity than bromide 
2.24a-Br, but with lower yield. In the case of chloride 2.24a-Cl, the temperature had to be 
increased to regain some reactivity at the expense of the enantioselectivity. Moreover, for both 
chloride and iodide, full conversion could not be achieved and a larger amount of proto-
debrominated byproduct was observed. Of note, reaction on 2.24a-Br could be performed on 
1.36 g (5 mmol) of substrate with similar results. All tested carbamates gave excellent 
enantioselectivity and yield. However, the use of other protecting groups resulted in lower 
induction and even complete shutdown of the reactivity in the case of the trifluoroacetamide 
protecting group. The reaction seems to tolerate a wide range of electron donating and 
withdrawing substituents on the aromatic. In most cases, excellent reactivity and 
enantioselectivity were obtained. Substrates containing strongly coordinating groups such as 
nitrile or dimethyl amine, which could potentially poison the metal-catalyst reacted as well. 
Nevertheless substrate 2.24o bearing a nitro group was unreactive, even if the reaction 
performed correctly under the conditions described by H. Ohno. Reaction on substrate 2.25i,j,s 
Palladium(0)-Catalyzed Asymmetric C(sp3)-H Arylation: the 
Chiral Anion Approach 
 55 
 
proved to be more challenging and led to lower yields and/or enantioselectivity. Interestingly, 
the pyridine moiety of 2.24t was well tolerated and azaindoline 2.25t could be formed in 
acceptable yield and good enantioselectivity. 
 
Scheme 2.8. Scope of the reaction with substrates bearing an isopropyl moiety.  
All examples discussed so far, bear a trisubstituted stereocenter and are close to reported 
work using different chiral ligands. To expand this work, we explored some new substrates 
containing a tetrasubstituted center instead of an isopropyl group. For this, we prepared a range 
of new substrates from some anilines used before via alkylation with α-bromoisobutyrate and 
subsequent protection (Scheme 2.9).178 
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Scheme 2.9. Preparation of substrates bearing a tetrasubstituted center 2.24v-ab. 
We then engaged substrates 2.24v-ab under the previously established conditions and we 
were pleased to observe the formation of the corresponding indolines. We observed that the 
size of the carbamate and ester impact drastically the outcome of the reaction. Indeed, smaller 
methoxy substituents in 2.24v seem to give a better reactivity and enantioselectivity compared 
to ethyl and benzyl analogues 2.24w,x. Methyl and fluorine moieties on the aromatic (2.24y-
aa) were well tolerated, but gave lower reactivities. Nevertheless, the introduction of a methoxy 
substituent (2.24ab) led to poor conversion. Overall, using our system, reactions on substrates 
bearing a tetrasubstituted center appear to be more challenging that on the corresponding 
substrates containing a trisubstituted center, even if those substrates react perfectly under H. 
Ohno conditions. However, this synthetic route presents a simple access to valuable amino acids 
building blocks.  
 
Scheme 2.10. Scope of the reaction with substrates bearing a tetrasubstituted center. 
As chiral indolines synthesis proved to be efficient with different chiral ligands through 
methylene activation on six-membered and larger rings, we thought about the possibility to 
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extend our work to this type of systems. Moreover, we considered the possibility to activate 
methylenes on cyclobutanes. Indeed, despite the work of K. Fagnou and coworkers on indolines 
the synthesis of indolines bearing a fused cyclobutane moiety,179 an asymmetric version has 
never been described. In complement, we also wanted to test the ability of our system to 
promote the kinetic resolution of racemic substrates. In regard to these perspectives, compounds 
2.24ac-af bearing an activable methylene position were prepared in good overall yield from 
2.29 (Scheme 2.11). 
 
Scheme 2.11. Preparation of substrates bearing a stereocenter or a cyclic moiety. 
As discussed in the introduction, examples of resolution in C(sp3)-H remain rare. In our case, 
with substrate 2.24ac, we observed a modest resolution. 2.25ac arising from activation of the 
methyl group was the only product observed without traces of methylene activation or 
tetrahydroquinoline product. Our conditions failed to effectively promote the activation of 
methylene cyclohexyl positions and a poor reactivity was observed for cyclobutane substrates, 
even at 140°C. Moreover, the purification of product 2.25ae,af proved to be difficult, which 
explains the low isolated yields. However, products 2.24ae,af showed an excellent 
enantiomeric ratio of 97:3 (Scheme 2.12). 
 
Scheme 2.12. Scope of the reaction with substrates bearing a cyclic moiety and kinetic resolution.  
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We first assigned the configuration of the created stereocenter by comparison with previous 
reports. However, we wanted to confirm this attribution by X-ray crystallography. 
Unfortunately, most prepared compounds were isolated as oils and the few solids that we 
obtained did not give suitable crystals. In this regard, we decided to derivatize our indoline with 
a ferrocene group. Indeed, this strategy had previously been used with success by our group.180 
Thus, we cleaved the carbamate group on 2.25a,v using trimethylsilyl iodide181 to obtain the 
corresponding free indolines and we then derivatized the latter as ferrocenecarboxamides.182–
184 Suitable crystals were obtained easily and analyzed using X-ray diffraction analysis, which 
confirmed us the S configuration for both products.  
 
Scheme 2.13. Ferrocene derivatization and crystal structures.  
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2.5. Mechanistic considerations 
Since the beginning of this work, we assumed that BPA played the role of the base involved 
in the CMD transition-state. To confirm our hypothesis, a batch of reactions with different 
mixture of (R)- and (S)-2.16h was run. A linear correlation between the enrichment of 2.15h 
and of the isolated indoline (Table 2.10) was observed. This suggests that a single molecule of 
BPA is involved in the enantiodetermining transition-state. 
Table 2.10. Linear correlation of the product enantiomeric excess in function of the enrichment of 2.16h. 
 
Entry 
e.e. of 2.16hb 
(%) 
e.e. of 2.25ac 
(%) 
 
1 0 3 
2 20 25 
3 40 45 
4 60 60 
5 80 77 
6 100 94 
 
aReaction carried on 0.2 mmol of 2.24a-Br, all reactions were degassed prior to run. bObtained by mixing different proportions of (R)- and 
(S)-2.16h. cDetermined by HPLC using a chiral phase. 
Moreover, DFT-optimized structure of the κ2 complex B with the optimal BPA 2.16h (vide 
infra) indicates close interactions of both carbamate and isopropyl moieties with the aromatic 
groups present in 3,3’ positions of 2.16h. Nevertheless, the unique effect of the CF3 substituents 
remains unclear as discussed before. We then ran the reaction using a stochiometric amount of 
the cesium salt of 2.16h in absence of cesium carbonate. In this case, no formation of the 


























Correlation between e.e. of 2.16h and 2.25a
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Scheme 2.14. Proposed catalytic cycle of the transformation. 
Furthermore, as shown during the optimization, potassium or rubidium carbonate led to a 
racemic product. These observations, combined with the slow background reaction observed 
when using only cesium carbonate as base, indicate that BPA forms a cluster with carbonate 
and cesium during the deprotonation. The implication of this type of clusters was proposed in 
different theorical mechanistic studies regarding transformations involving CMD transition-
states.185,186 Nevertheless, without other experiments and extended DFT calculations, the exact 
interactions responsible for the observed induction remain unclear. Thus, at this point, the 
mechanism illustrated in Scheme 2.14 can be proposed. The first step of the reaction involves 
the classic oxidative addition into the C-Br bond to form complex A, the structure of which was 
confirmed by X-ray analysis after isolation of the complex. The following ligand exchange 
leads to complex B, which undergoes CMD process via a base-counteranion relay to form 
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palladacycle C. After reductive elimination, the enantioenriched indoline is formed and the 
active Pd(0) catalyst is regenerated. 
2.6. Conclusion 
In summary, we have developed a new methodology for the synthesis of highly 
enantioenriched indolines via enantioselective C(sp3)-H arylation. Moreover, a chiral anion 
approach was used instead of classical chiral ligands approaches. This work constitutes the first 
asymmetric methodology for C(sp3)-H arylation cyclisation based on this strategy. Both 
trisubstituted and tetrasubstituted stereocenters were generated efficiently with a wide range of 
substrates and interesting amino acid scaffolds were prepared. We hope that this approach will 
be applied in complement to the use of chiral ancillary ligands for the development of new 
interesting methodologies.  
Furthermore, this work conduced our group to study the development of new ligands bearing 
both functionalities: a phosphine to serve as an ancillary ligand and a carboxylate base for the 
CMD process. We like to call them “bifunctional” ligands. This was demonstrated by the 
preparation of bifunctional ligand 2.35 composed of a chiral binaphtyl scaffold combined with 
a phosphine and a carboxylic acid moiety. This ligand proved to be highly efficient for 
asymmetric intramolecular C(sp2)-H arylation.187 
 
Scheme 2.15. Recently published work by our group using bifunctional ligands. 
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3. Total Synthesis of (Nor)illudalane Sesquiterpenes Based on a 
C(sp3)-H Activation Strategy 
⁎ Work done in collaboration with Dr. Marcus Craveiro during his postodoctoral stay in our 
group. 
3.1. Introduction 
Although non-asymmetric C(sp3)-H activation has proven to be a powerful tool for the 
synthesis of natural or bioactive products (Figure 3.1a),188,189 applications of asymmetric 
version of these reactions are rare. Even if excellent results have been reported for oxidative 
addition initiated asymmetric C(sp3)-H activation reactions, only one application in bioactive 
molecule synthesis has been described so far. Indeed, N. Cramer presented the synthesis of a 
precursor of ent-BMS-791325, a hepatitis C virus NS5B replicase inhibitor (Figure 3.1b).151 
 
Figure 3.1. a) Applications of C(sp3)-H activation to the synthesis of natural or bioactive products described by 
our group. (b) Only application of asymmetric C(sp3)-H activation, presented by N. Cramer. 
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This lack of applications motivated us to find new potential targets. In this context we turned 
our attention to some natural products of the family of illudalane and norilludalane 
sesquiterpenes, which are generally isolated from mycelial cultures of woody mushrooms. 
These compounds are usually composed of two geminal methyl groups on a cyclopentane ring 
fused with diverse scaffolds (Figure 3.2a).190–192 Nevertheless, some members of this family 
possess a quaternary stereocenter, resulting from the oxidation of one of the geminal methyl 
groups to a hydroxymethyl or a carboxylic acid group. This is notably the case for the 
benzoquinones puraquinonic acid193 and deliquinone,194 and the indane russujaponol F195 
(Figure 3.2b). In addition to a polysubstituted aromatic or benzoquinone core, the most 
intriguing feature of these molecules is probably the highly symmetric quaternary stereocenter 
resulting from substituents located three or four carbons away. Such quaternary stereocenters 
constitute an interesting synthetic challenge.196–204 
 
Figure 3.2. (a) Examples of (nor)illudalanes with a gem-dimethyl group. (b) (Nor)illudalane targets featuring a 
quaternary stereocenter. 
Despite its moderate structural complexity, only two enantioselective syntheses of 
puraquinonic acid have been reported and none for russujaponol F and deliquinone. D. L. J. 
Clive and coworkers reported the first synthesis of (S)-puraquinonic acid in 31 steps using an 
Evans aldol reaction as the enantio-determining step (Scheme 3.1a).205 This strategy required 
a large number of functional group interconversions and manipulations. In addition, this work 
established the absolute configuration of natural puraquinonic acid as (R) upon comparison with 
a natural sample. More recently, Gleason and coworkers disclosed a much more efficient 
synthesis of (R)-puraquinonic acid (Scheme 3.1b).206 The quaternary stereocenter was 
constructed at the beginning of the synthesis via sequential diastereoselective alkylations using 
a valine-derived chiral auxiliary. Then, the indane core was built using an elegant and effective 
combination of enyne metathesis and Diels−Alder cycloaddition, followed by oxidation with 
DDQ in a one-pot procedure. After functional group manipulations, cleavage of the chiral 
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auxiliary and oxidation of the aromatic ring to the corresponding benzoquinone, this approach 
yielded enantiopure (R)-puraquinonic acid in 12 steps and 20% overall yield from the in-house 
auxiliary,207 or 15 steps and 14% from (S)-valinol. 
 
Scheme 3.1. Previous Enantioselective Total Syntheses of Puraquinonic Acid. 
We thought that C(sp3)-H activation could be used to access this type of scaffold in a simpler 
and more general way. Indeed, we based our retrosynthetic analysis on the disconnection of one 
of the two C(sp2)-C(sp3) bonds of indane 3.10a (Scheme 3.2a). This bond would be built 
through asymmetric C(sp3)-H arylation with creation of the quaternary stereocenter via 
desymmetrization of the two enantiotopic C-H bonds in 3.11a or 3.12. The construction of these 
two substrates should not be problematic. Moreover, the following steps to complete the 
synthesis would be similar to the one employed in the racemic synthesis of racemic 
puraquinonic acid ethyl ester and deliquinone reported by G. A. Kraus (Scheme 3.2b).208  
 
Scheme 3.2. (a) Retrosynthetic analysis. (b) Total synthesis of puraquinonic acid ethyl ester by G. A. Kraus. 
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Considering the work done by our group to generate quaternary stereocenters in the context 
of indane and indoline synthesis,155,156 we thought that formation of 3.10 would be challenging. 
Indeed, in both precedents the intramolecular C−H arylation was likely favored by a strong 
Thorpe-Ingold effect. Moreover, we already exposed, in chapter 2, that the generation of 
tetrasubstituted stereocenters to form indolines proved to be significantly more difficult than 
the creation of trisubstituted stereocenters. 
3.2. Preliminary Screening 
We first prepared three substrates for a preliminary screening of conditions (Scheme 3.3). 
Substrate 3.17 was prepared to probe the effect of the methoxy group on the reactivity. We 
prepared 3.11a in large quantities for our main screening, expecting that placing the methoxy 
group in meta-position to the bromine atom would lead to a better reactivity compared to 3.12. 
 
Scheme 3.3. Preparation of substrates 3.11a, 3.12 and 3.17. 
We then started a screening of conditions to evaluate the reactivity of 3.11a in C(sp3)-H 
arylation (Table 3.1). We found that classic conditions using a palladium(0) source and 
tricyclohexylphosphine gave mainly the expected product 3.10a (entry 1) contaminated with 5-
10% of the unseparable protodebrominated product. Moreover, we observed the formation of 
indanone 3.25 resulting from the nucleophilic attack of the organopalladium intermediate onto 
the ester.209 With the reactivity of 3.11a established, we then screened different families of 
chiral ligands to evaluate their potential induction. We tested ligands available in our library 
and while Binepines, phosphoramidites, phosphonites and BPAs all gave racemic products, 
IBiox[(-)-menthyl]·HOTf,210 developed by F. Glorius gave a really good conversion 
accompanied with a low induction. Motivated by the results obtained with this NHC ligand, we 
prepared the non-chiral IBioxMe4·HOTf
211, which gave better results than 
tricyclohexylphosphine. Indeed, the formation of both 3.24a and 3.25 byproducts was almost 
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suppressed and indane 3.10a was isolated in 92% yield. We then prepared NHC 3.29 developed 
by P. Kündig.212,213 This ligand proved to be highly efficient and led to 3.10a in 92% yield with 
a promising induction (66:34 e.r). 
Table 3.1. Preliminary screening of conditions. 
 
Entry conditionsa Ligand 
conversion 
(%)b 
e.r. of 3.10ac 
1 A PCy3 90 (89) - 
2 B 3.26 60 49:51 
3 C 3.27 28 51:49 
4 C 3.28 14 49:51 
5 D 2.16h 26 50:50 
6 E IBiox[(-)-menthyl]·HOTf 93 56:44 
7 F IBioxMe4·HOTf 96 (92) - 
8 E 3.29 >95 (92) 66:34 
 
aA: 3.11a (0.2 mmol), Pd2dba3 (2.5 mol%), PCy3 (10 mol%), PivOH (30 mol%) and K2CO3 (1.5 equiv) in xylenes (2 mL) at 140°C for 18; 
B: 3.11a (0.2 mmol), Pd2dba3 (2.5 mol%), 3.26 (10 mol%), PivOH (50 mol%) and Cs2CO3 (2 equiv) in xylenes (2 mL) at 140°C for 18h; C: 
3.11a (0.2 mmol), Pddba2 (10 mol%), 3.27 or 3.28 (20 mol%), PivOH (50 mol%) and Cs2CO3 (2 equiv) in xylenes (2 mL) at 140°C for 18h; 
D: 3.11a (0.2 mmol), Pd(PCy3)2 (10 mol%), 2.16h (10 mol%), Cs2CO3 (1.5 equiv) in xylenes (2 mL) at 140°C for 18h; E: 3.11a (0.2 mmol), 
[Pd(π-cin)Cl]2 (2.5 mol%), NHC (5 mol%), CsOPiv (1 equiv), Cs2CO3 (1.5 equiv), in mesitylene (2 mL) at 160°C for 18h. F: 3.11a (0.2 
mmol), [Pd(π-cin)Cl]2 (5 mol%), NHC (10 mol%), CsOPiv (1 equiv), Cs2CO3 (1.5 equiv), in mesitylene (2 mL) at 160°C for 18h. 
bConversion of the aryl bromide to the indane product estimated by GC−MS analysis, yield of isolated product in parentheses. cDetermined 
by HPLC using a chiral phase. 
We then engaged 3.12 and 3.17 using IBioxMe4·HOTf as ligand to evaluate their reactivity. 
We observed that 3.12 led to a poor conversion. This lack of reactivity could be explained by a 
sterically difficult oxidative addition. Nevertheless, under the same condition 3.17 led to the 
corresponding indane 3.10a with a conversion of 95%, which indicates that the methoxy 
substituent is not necessary to enhance the reactivity. We decided to base our optimization on 
the results obtained with substrate 3.11a and NHC 3.29. 
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3.3. Optimization of Asymmetric Conditions 
We then wanted to explore the impact of the substrate structure on the enantioselectivity of 
the reaction. In this regard, we prepared a range of new analogues of 3.11a by modification of 
the ether and ester parts (Scheme 3.4). 
 
Scheme 3.4. Preparation of substrates 3.11b-g. 
We then engaged these substrates under the previously established conditions. Under non-
asymmetric conditions, all products were isolated in satisfactory yields to serve as references 
for chiral HPLC analysis. Of note, compared to the results obtained with the ester 3.11a, we 
observed the formation of indanone 3.25 in a larger amount for substrates 3.11e-g when 
tricyclohexylphosphine was used. However, using IBioxMe4·HOTf, clean reactions and high 
yields could be obtained.  
 
Scheme 3.5. Test of asymmetric C(sp3)-H arylation on substrates 3.11b-g. 
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Under asymmetric conditions using 3.29 as ligand (Scheme 3.5), substrate 3.11b bearing an 
isopropyl moiety gave a good reactivity and a slightly higher e.r.. However, this minor 
improvement was not judged sufficient in regard to the expected cleavage issues at a later stage 
of the synthesis. Changing the methyl ester for a nitrile or a tert-butyl ester led to lower yields 
and enantioselectivities. Nevertheless, changing from an ester to an amide allowed to increase 
significantly the induction with a maximum of 85:15 e.r. in the case of piperidine amide. Few 
other amides were prepared. However, in all cases the enantioselectivity was lower. 






1 pseudocumene 85:15 
2 cumene 83:17 





5 anisole 82:18 
6 1,2-diethoxyethane 86:14 
7 dibutyl ether 85:15 
8 tert-amyl alcohol 75:25 
9 benzonitrile N.D. 
10 DMAc 75:25 
 
aReaction carried on 0.2 mmol of 3.11f. bDetermined by HPLC using a chiral phase. 
At this point, we decided to examine the reaction conditions and we screened a range of 
different solvents using 3.11f as substrate (Table 3.2). All tested aromatic, ether, polar protic 
or aprotic solvents gave similar or lower enantioselectivity compared to mesitylene. Moreover, 
in almost every case, full conversion could not be achieved and 1,2-diethoxyethane (DEE, entry 
6) was the only solvent leading to full conversion, but with the formation of a significant amount 
of protodebrominated product. We then tested different additives or bases (Table 3.3), but in 
all situations low conversions were observed. Besides, induction remained at a similar or lower 
level.  
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1 50 mg 4Å MS 85:15 
2 
PivNHOH (30 mol%) 
Cs2CO3 (2 equiv) 
79:21 
3 
AdCO2H (30 mol%) 
Cs2CO3 (2 equiv) 
83:17 
4 
MesCO2H (30 mol%) 
Cs2CO3 (2 equiv) 
81:19 
5 
2.31 (30 mol%) 
Cs2CO3 (2 equiv) 
80:20 
6 
2.16h (30 mol%) 
Cs2CO3 (2 equiv) 
84:16 
7 
CsOPiv (1 equiv) 
Li2CO3 (1.5 equiv) 
N.D. 
8 
CsOPiv (1 equiv) 
Na2CO3 (1.5 equiv) 
86:14 
9 
CsOPiv (1 equiv) 
K2CO3 (1.5 equiv) 
85:15 
10 
CsOPiv (1 equiv) 
Rb2CO3 (1.5 equiv) 
83:17 
 
aReaction carried on 0.2 mmol of 3.11f. bDetermined by HPLC using a chiral phase. Mes = 2,4,6-trimethylphenyl 
At this point, we suspected some reproducibility issues, which was confirmed by running a 
control experiment using the previously established conditions. Indeed, a 1:1 ratio of product 
and starting material was obtained instead of full conversion. The e.r. was also lower than 
expected (82:18). We investigated every parameter of the reaction, we bought new commercial 
batches of catalyst and bases, we prepared a new batch of substrate and ligand, but we never 
regained good conversions and enantioselectivities. The only solution that we found was to 
double the loading of palladium and ligand. Therefore, as we do not know when these 
reproducibility issues started, it is difficult to evaluate the validity of this screening of 
conditions. Moreover, we figured out that the cleavage of the amide part was only successful 
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for the morpholine amide product 2.10g. Thus, we decided to continue our investigations on 
substrate 2.11g. 
We prepared a range of NHC ligands from the Hermann-Kündig212–214 and IBiox215–217 
families using known methods. We then tested these ligands in C(sp3)-H arylation of 2.11g 
(Table 3.4).   





e.r. of 3.10gc 
1 3.32 >95 20:80 
2 3.33 92 27:73 
3 3.34 >95 17:83 
4 3.35 >95 19:81 
5 3.36 76 23:77 
6 3.37 6 N.D. 
7 3.38 22 66:34 
8 IBiox[(-)-menthyl]·HOTf >95 66:34 
9 IBioxtBu·HOTf >95 27:73 
10 IBioxPh·HOTf 11 62:38 
11 IBioxInd·HOTf 56 61:39 
 
aReaction carried on 0.2 mmol of 3.11g. bConversion of the aryl bromide to the indane product estimated by GC−MS analysis. cDetermined 
by HPLC using a chiral phase. 
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We observed that the presence of an ortho substituent on the aromatic moieties was essential 
to achieve better enantioselectivity (entry 2 compared to entries 1, 3-4). This had already been 
observed by P. Kündig.213 Moreover, increasing the size of these ortho substituents as in 3.36 
resulted in a negative effect on both the enantioselectivity and the reactivity (entry 5). Ferrocene 
analogue 3.37 gave low conversion and the e.r. was not determined (entry 6). Unsymmetrical 
NHC 3.38 led as well to lower conversion and induction (entry 7). IBiox[(-)-menthyl]·HOTf 
(entry 8) induced excellent conversion and better enantioselectivity than with methyl ester 
3.11a, but the positive effect of the amide was less important with this ligand. A better e.r. was 
obtained using IBioxtBu·HOTf (entry 9), but still inferior than with Hermann-Kundig type 
NHCs. Finally, the last two IBiox ligands led to poor results (entries 10,11). As 3.34 induced 
the best enantioselectivity, we screened few modifications of reaction conditions using this 
ligand (Table 3.5). Changing from mesitylene to dibutyl ether or adding some 4Å molecular 
sieves did not modify the reaction outcome (entries 1,2). Other bases led to decreased reactivity 
and/or enantioselectivity (entries 3-6). At this point, we renounced to perform any further 
optimization or new ligand synthesis. We envisaged the possibility to introduce a chiral center 
on the substrate as a source of internal induction. In this regard, we selected proline as a cheap 
and readily available enantiopure building block. 








instead of mesitylene 
82:18 
2 








KOPiv and K2CO3 












aReaction carried on 0.2 mmol of 3.11f. bDetermined by HPLC using a chiral phase. BINOLPO2H = (R)-(−)-1,1′-Binaphthyl-2,2′-diyl 
hydrogenphosphate 
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Thus, we prepared a few amides derived from proline (Scheme 3.6). 
 
Scheme 3.6. Preparation of proline derived substrates 3.11h-k. 
We then engaged these new substrates in C(sp3)-H arylation using IBioxMe4·HOTf or 3.29 
(Scheme 3.7). In all cases, when using the non-chiral NHC IBioxMe4, we observed internal 
induction from the proline moiety in a range of 64:36 to 67:33 d.r.. Modifying the ester part of 
the proline does not seem to have a major impact on the diastereoselectivity. The use of 3.29 
resulted in a matched induction with L-proline derivatives (3.11h,i,k). Whereas the isopropyl 
ester gave the best observed diastereoselectivity (87:13 d.r.), smaller or larger esters gave lower 
diastereomeric ratio. In complement, we observed the corresponding mismatch effect on the D-
proline based substrate 3.11j, for which external induction overcomes internal induction. 
Substrate 3.11i gave at this point the best induction that we never achieved. 
 
Scheme 3.7. Asymmetric C(sp3)-H arylation of 3.10h-k. 
 
Moreover, proline amides are cleavable under acidic conditions as observed previously for 
the corresponding morpholine amide. Unfortunately, we never managed to separate the two 
diastereoisomers of the products using available purification methods, even by preparative 
HPLC. We stopped our investigations with these results because we observed that an 
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intermediate in the synthesis could be enriched by recrystallization and we thought that this 
level of induction would be high enough in this regard. 
3.4. Racemic Synthesis: First Route 
As exposed in the introduction, we based our synthesis on the work done by G. A. Kraus. We 
took racemic indane 3.10a to explore the following steps. First, we cleaved both ester and 
methoxy substituents using aqueous HBr in refluxing acetic acid (Scheme 3.8). We used these 
conditions instead of the selective cleavage of the methoxy substituent described by G. A. 
Kraus, because they proved to be efficient for amides 3.10g,j as well and so, potentially 
applicable to our enantioenriched material. Nevertheless, cleavage of piperidine amide 3.10f 
gave low conversion. We observed that 3.39 is poorly soluble in chloroform, which made us 
think that this compound could be potentially recrystallized for enrichment. 
 
Scheme 3.8. Full deprotection overview. 
We then used a sequential one-pot alkylation/allylation procedure inspired from the 
literature.218 Taking advantage of the pKa difference between the phenol and carboxylic acid 
parts (Scheme 3.9), we first deprotonated the carboxylic acid using potassium 
hydrogenocarbonate and alkylated it using methyl iodide. Then, after evaporation of the 
remaining methyl iodide by bubbling argon through the reaction, sodium hydride was added 
followed by allyl bromide. The reported procedure describes this reaction using potassium 
carbonate. However, sodium hydride proved to be a more efficient base in our case. The 
corresponding fully protected product 3.40 was isolated in 90% yield. In a second pass, we 
isolated this compound in 82% yield from 3.10a with only one purification. 
 
Scheme 3.9. Deprotection of 3.10a and sequential alkylation/allylation. 
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Afterward, compound 3.40 was submitted to high temperature to initiate a Claisen 
rearrangement.  G. A. Kraus described this reaction on the ethyl ester analogue in DMF. 
Nevertheless, they could not reach full conversion. We observed the same result using DMF, 
even under microwave heating. Whereas decalin gave a worst result, we found that using N,N-
diethylaniline as solvent led to full conversion and clean reaction. Under these conditions, 3.41 
was isolated in 90% yield (Scheme 3.10).  
 
Scheme 3.10. Claisen rearrangement, Lemieux−Johnson oxidation and reduction. 
We then engaged 3.41 under ozonolysis conditions as described by G. A. Kraus. 
Unfortunately, we could not reproduce the reported results. Indeed, we obtained low yields (ca. 
20%) along with starting material decomposition. We assume that the free phenol undergoes 
oxidation to the benzoquinone which then degrades. This ozonolysis problem was already 
discussed by D. L. J. Clive on a similar intermediate and they found that the Lemieux−Johnson 
oxidation gave better results.219 Thus, we used classic Lemieux−Johnson oxidation conditions 
followed by reduction to produce indane 3.42 in an excellent yield of 87% over two steps. 
Subsequently, 3.42 was oxidized using salcomine under oxygen atmosphere, as described, 
yielding the corresponding unstable benzoquinone 3.43 in 82% yield (Scheme 3.11). We then 
engaged the former compound under radical methylation conditions.  
 
Scheme 3.11. Oxidation to benzoquinone and radical methylation. 
 
At this point, we again encountered issues to reproduce the results obtained by G. A. Kraus. 
Indeed, we never achieved a yield higher than 55%, even after multiple attempts, even though 
the expected yields should have been above 60-65%. Moreover, benzoquinone 3.44 proved to 
be relatively unstable as 3.43. We anyway isolated some material to continue our synthesis. 
There, we arrived at the same point as G. A. Kraus, who never described the final saponification, 
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which would lead to puraquinonic acid. Unfortunately, probably as G. A. Kraus, we never 
managed to saponify ester 3.44 to obtain racemic puraquinonic acid. We ran out of material and 
turned our attention to other possible strategies. Nevertheless, these results gave us important 
information to design a more efficient plan. Indeed, we encountered three major problems 
during this synthesis: (1) instability of benzoquinone intermediates; (2) low yield and 
irreproducibility of the radical methylation; (3) impossibility to hydrolyze the ester on the 
benzoquinone. These problems led us to conclude that the saponification had to be performed 
prior to the oxidation to benzoquinone. This also precludes the introduction of the methyl group 
via radical methylation, which would be likely incompatible with the carboxylic acid moiety. 
Therefore, this methyl group has to be installed earlier in the synthesis. Besides, a late-stage 
oxidation of the phenol to the benzoquinone would be more adapted in light of stability issues. 
3.5. Racemic Synthesis: Second Route 
For this second route, we chose to start our synthesis with the methyl group already present 
from the beginning. Thus, we first considered two possible ways to prepare the methylated 
analogue of 3.11a. The first one (Scheme 3.12), which had already been partially described,220 
started from cheap phenol 3.45, which was fully brominated and then selectively debrominated 
at the ortho and para positions of the hydroxy group using hydroiodic acid to yield 3.47. The 
former compound was then methylated to lead to anisole 3.48 in 76% yield from 3.45. Then, 
selective radical bromination of 3.48 was performed to yield the corresponding benzyl 
bromide,221 which had to be used directly in the next step due to stability issues. Alkylation of 
methyl isobutyrate with the former performed well and led to 3.49 in 75% yield over two steps. 
 
Scheme 3.12. first effective way to prepare 3.49. 
Even if this sequence proved to be efficient, some drawbacks could be noticed. The first two 
steps imply harsh conditions and are inelegant in terms of atom economy. Moreover, even 
though the benzylic bromination was quite selective, the product resulting from the undesired 
isomer was difficult to separate from 3.49 after alkylation. For these reasons, we considered 
another way to prepare 3.49. Indeed, based on precedent work by M. Lautens,222 we thought 
that lithiation/formylation of 3.50 could be achieved to obtain 3.51 (Scheme 3.13), which would 
be easily converted to the corresponding benzyl bromide and to 3.49. Unfortunately, despite 
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our efforts to find suitable conditions, we never managed to obtain 3.51 by this way, probably 
due to the generation of the unstable benzyne. 
 
Scheme 3.13. Unsuccessful lithiation/formylation of 3.50. 
More recently, thanks to a report published by J. Hartwig, we found an attractive way to build 
a bridge between our first and second routes. Indeed, we considered a sequence of iridium-
catalyzed C(sp2)-H borylation and copper-catalyzed methylation.223 The C-H borylation of ester 
3.11a should be selective for the least hindered position, as demonstrated by J. Hartwig for di- 
and trisubstituted arenes,224,225 and the Cu-catalyzed methylation of the corresponding boronate 
would lead to the desired aryl bromide 3.49. We applied this approach (Scheme 3.14) and 
boronate 3.52 was obtained in 97% yield. The copper-catalyzed methylation also performed 
well and yielded 3.49 in 80% yield. The global sequence from 3-bromo-2-methylphenol 3.19 
(see Scheme 3.3) is as effective as the previous one from 2,5-xylenol 3.45, with an overall yield 
of 58% for the same number of steps. In addition, boronate intermediate 3.52 could be 
potentially used as a platform to prepare different analogues of the targeted natural products.226–
230 
 
Scheme 3.14. second effective way to prepare 3.49. 
With 3.49 in hand, we planned to follow the same sequence that we used in the first route. 
We engaged 3.49 under C(sp3)-H arylation conditions using IBioxMe4·HOTf as ligand, which 
led to indane 3.53 in 87% yield (Scheme 3.15). The former was fully deprotected furnishing 
3.54 in 87% yield. We observed the same propensity of 3.54 to crystallize in chloroform as for 
3.39. 
 
Scheme 3.15. C(sp3)-H arylation of 3.49 and full deprotection. 
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One-pot sequential double alkylation of 3.54 was performed to obtain 3.55 in 89% yield 
followed by a Claisen rearrangement leading to 3.56 in 88% yield (Scheme 3.16). This 9-step 
sequence from 3-bromo-2-methylphenol 3.19 allowed the preparation of 3.56 in 34.5% overall 
yield. 
 
Scheme 3.16. Sequential alkylation and Claisen rearrangement. 
We then engaged 3.56 under Lemieux−Johnson oxidation conditions. The crude material 
obtained was reduced with sodium borohydride to obtain indane 3.57 in 75% yield (Scheme 
3.17). Saponification of the former was performed without any problem to obtain the 
corresponding carboxylic acid. Final oxidation of the phenol to the corresponding 
benzoquinone proved to be ineffective using salcomine and oxygen as in the first route. We 
found that this oxidation can be performed smoothly using conditions developed by T. 
Yakura231 to obtain racemic puraquinonic acid in 86% yield over two steps. Overall, racemic 
puraquinonic acid was prepared in thirteen steps in a good global yield of 22.3%. 
 
Scheme 3.17. Final steps to obtain racemic puraquinonic acid. 
The synthesis of this racemic natural product was an important milestone in this project. At 
this point, we reasoned that compound 3.56 could serve as an advanced common intermediate 
for the divergent synthesis of other natural products, deliquinone and russujaponol F for 
instance. 
 
Scheme 3.18. Final steps to obtain racemic deliquinone. 
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In this regard, after Lemieux-Johnson oxidation of 3.56, we used lithium aluminum hydride 
instead of sodium borohydride to obtain fully reduced product 3.59 (Scheme 3.18). As 
previously, this compound was oxidized using Oxone and 3.58 to yield racemic deliquinone in 
76% yield over three steps. Overall, racemic deliquinone was prepared in twelve steps and 
26.2% yield. 
We then turned our attention to the synthesis of russujaponol F, which had never been 
explored in the literature. For this, we converted phenol 3.56 to the corresponding triflate in 
view of a Pd0-catalyzed cross-coupling for methyl incorporation. We then ran this cross-
coupling under conditions developed by S. Woodward232 using the air-stable DABAL-Me3 
[DABCO-bis(trimethylaluminum)] complex. These efficient and convenient conditions 
furnished 3.61 in excellent yield (98%) (Scheme 3.19). Racemic russujaponol F could be 
obtained in 87% yield from this intermediate, using the same steps as for the synthesis of 3.59. 
Overall, racemic russujaponol F was prepared in thirteen steps in a good global yield of 25.6%. 
Moreover, this work describes the first synthesis of racemic russujaponol F. 
 
Scheme 3.19. Final steps to obtain racemic russujaponol F. 
3.6. Asymmetric Synthesis 
Based on the investigations on the enantioselectivity discussed in subchapter 3.3, we prepared 
the methylated analogue of 3.10i. For this, 3.49 was saponified and converted to amide 3.63 in 
84% yield over two steps using previously established conditions (Scheme 3.20).  
 
Scheme 3.20. preparation of 3.63a. 
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3.63a was then engaged under asymmetric C(sp3)-H arylation conditions and gave the best 
results when NHC 3.29 was used with a d.r. of 85:15 and 87% yield (Scheme 3.21). We 
observed that, in this case, morpholine amide analogue 3.63b gave rise to 80:20 e.r. using 1-
naphtyl NHC 3.29 and 77:23 using o-methoxyphenyl NHC 3.34. Moreover, we observed that 
this lower e.r. rendered the enantioenrichment by recrystallization more difficult. When 
substrate 3.63c was engaged using NHC 3.34, a lower d.r. was observed than when 3.63a was 
used in presence of 3.29. 
 
Scheme 3.21. Asymmetric C(sp3)-H arylation on substrates 3.63a-c. 
3.64 was then engaged under deprotection conditions leading to 3.54 in 92% yield. We then 
investigated different recrystallization conditions for enantioenrichement. To determine the e.r. 
we had to convert both crystals and mother liquor residue to 3.55. Indeed, no suitable HPLC 
conditions were found to determine the excess of 3.54.  
 
Scheme 3.22. Deprotection and alkylation/allylation. 
We observed that crystalline material was in fact racemic and the mother liquor 
enantioenriched. We established that slow crystallization from chloroform and cyclohexane 
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provided a greatly improved e.r. of 96:4 with a yield of 57% from 3.64. This enantioenriched 
material was then engaged under alkylation conditions to obtain 3.55 in 82% yield. To establish 
the absolute configuration of the formed tetrasubstituted stereocenter we wanted to isolate a 
crystal for X-Ray analysis, but enantioenriched 3.54 was isolated as a waxy solid. We prepared 
numerous derivatives of this product containing a ferrocene moiety, as this strategy proved to 
be effective for different projects of our group in the past. Nevertheless, none of them formed 
suitable crystals. In complement some nitro derivatives were prepared without more success. 
We then prepared Mosher’s amide derivatives of 3.54 after Curtius rearrangement. NOESY 
NMR analysis of these compounds indicated that the major enantiomer had a (S) configuration. 
This was further confirmed by vibrational circular dichroism (VCD) analysis of another 
derivative conducted in collaboration with T. Bürgi. More details about this can be found in the 
experimental part. 
We then followed the route established for the racemic synthesis. Claisen rearrangement led 
to intermediate 3.56 in 80% yield with an unchanged e.r. of 96:4. This compound was prepared 
in 15.6% overall yield in eleven steps.  
 
Scheme 3.23. Claisen rearrangement on enantioenriched 3.55. 
This common intermediate was then converted to the three enantioenriched natural products 
(Scheme 3.24). (S)-puraquinonic acid was obtained in an overall yield of 9.8% over 15 steps, 
(S)-deliquinone in 9.9% over 14 steps and (S)-russujaponol F in 12.3% over 15 steps. We 
measured the specific rotation of synthetic puraquinonic acid, deliquinone and russujaponol F 
and found +1.4, +0.9 and +2.1 respectively. The reported specific rotations of the natural 
products in the same solvents are -2.2 for (R)-puraquinonic acid, -0.5 for (R)-deliquinone, and 
+1.3 for (S)-russujaponol F. Hence, our values are consistent with the ones expected for the (S) 
enantiomers of these three compounds. Moreover, this is in accordance with previously 
enounced NMR and VCD analyses. Therefore, we prepared natural russujaponol F, ent-
puraquinonic acid, and ent-deliquinone. 
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Scheme 3.24. Final steps to obtain enantioenriched (S)-puraquinonic acid, (S)-deliquinone and  
(S)-russujaponol F. 
3.7. Conclusion 
In conclusion, three (nor)illudalane sesquiterpenes were synthesized in racemic and 
enantioenriched forms from a common indane intermediate (Scheme 3.25). The latter was 
obtained by Ir- catalyzed C-H borylation and Pd0-catalyzed C(sp3)-H arylation as key steps, and 
an asymmetric version of the C-H arylation allowed the construction of the isolated, highly 
symmetric quaternary stereocenter. This work constitutes the first application of Pd0-catalyzed 
enantioselective C(sp3)-H activation to natural product synthesis and highlights the potential, 
but also the challenges, associated with this strategy. 
 
Scheme 3.25. Overview of asymmetric synthesis of (S)-puraquinonic acid, (S)-deliquinone and  
(S)-russujaponol F. 
Nevertheless, despite all our efforts, the key asymmetric C(sp3)-H arylation was not highly 
enantioselective, which constrained us to enrich an intermediate by recrystallization. This 
strongly decreased the global yield compared to the racemic synthesis. However, this strategy 
remains interesting to access such structures thanks to its generality and relative simplicity 
compared to previously reported work. 
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4. Construction of Indanes via Asymmetric C(sp3)-H Activation 
of Methylene Positions 
⁎ Work ongoing in collaboration with Marco Zuccarello during his master thesis and current 
PhD in our group. 
4.1. Introduction 
As exposed in the introduction of this thesis, the desymmetrization of enantiotopic carbons 
via asymmetric intramolecular C(sp3)-H arylation has been largely explored. In contrast, the 
creation of stereocenters via the desymmetrizing activation of one of the two enantiotopic 
protons of a methylene position is rarer. Indeed, only one report by N. Cramer describes such a 
transformation (Scheme 4.1).150 This work describes the selective activation of a benzylic 
position using α-chloroacetamides as oxidative addition sites leading to the formation of β-
lactams in high yield and enantioselectivity. This was achieved using a combination of 
palladium(0), a fine tuned TADDOL-based phosphoramidite ligand and adamantyl carboxylic 
acid.  
 
Scheme 4.1. Synthesis of β-lactams via asymmetric C(sp3)-H activation of benzylic positions. 
In this report, one example where R is an ethyl group demonstrates that benzylic positions 
are relatively easy to activate compared to unactivated methylene positions. Actually, no 
formation of the β-lactam resulting from the activation of the ethyl group was mentioned in this 
paper. Indeed, the activation of nonactivated methylene protons is empirically known to be 
more challenging than the ones of methyl, benzylic or cyclopropyl positions based on 
experimental observations. Therefore, we wanted to explore this type of interesting 
transformations to develop a new useful methodology. We thought that substrates 4.5 inspired 
from 4.4 used previously for the total synthesis of (nor)illudalanes would constitute a good 
starting point (Scheme 4.2). Indeed, these substrates can be easily prepared by the sequential 
double alkylation of malonate esters. Moreover, the corresponding indanes 4.6 obtained after 
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asymmetric C(sp3)-H arylation could constitute interesting intermediates for the synthesis of 
different natural products. 
 
Scheme 4.2. Proposed substrates inspired from our previous project and corresponding indanes after C(sp3)-H 
arylation. 
Indeed, we found in the literature a range of prenylated chalcones isolated from desmodium 
renifolium and streblus indicus. Renifolin A-H233 and indidene A-C234 present similar structures 
composed of a trans-disubstituted indane and an oxygenated aromatic moiety installed on a side 
chain or directly linked to the aromatic part of the indane. 
 
Figure 4.1. Range of potential targets using this methodology. 
As examples, retrosynthetic analyses for renifolin D and indidene C are presented in Scheme 
4.3. Indane 4.8 would be constructed using the developed Pd0-catalyzed asymmetric C(sp3)-H 
arylation. Then Krapcho mono-decarboxylation of the malonate unit should lead to the 
thermodynamically favored trans-indane 4.9. Afterward, oxidation of the side chain and 
dimethylation would conduce to intermediate 4.10, which would be the common intermediate 
of our divergent synthesis. 
 
Scheme 4.3. Retrosynthetic analysis for renofolin D and indidene C 
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Renifolin D would be obtained by addition of a Grignard reagent (Grignard formed from 
4.11) on the corresponding Weinreb amide and subsequent dehydration (using Burgess reagent 
for example). Indidene C would be prepared by C(sp2)-H arylation using the carboxylic acid 
located on the side chain as directing group, based on the work described by J.-Q. Yu.235 In 
addition, some protection/deprotection steps would be for sure necessary. 
4.2. First Hit and Optimization 
We envisaged to conduct our optimization using 19F NMR for quantification. For this reason, 
we chose substrate 4.12a bearing a fluorine on the aromatic as our model substrate. This 
substrate was prepared easily by sequential alkylation of dimethyl malonate using 2-
bromobenzyl bromide and n-propyl iodide. The corresponding proto-debrominated product 
4.14a was also prepared by hydrogenation of 4.12a to determine its shift in 19F NMR. We 
initiated our screening by testing different phosphines under classic conditions for C(sp3)-H 
arylation (Table 4.1, entries 1-4). With tricyclohexylphosphine and cataCXium® AHI (di(1-
adamantanyl)-n-butyl-phosphonium iodide) the formation of the desired indane was not 
observed (entries 1,4).  





19F NMR ratio 
4.12a 4.13a 4.14a other 
1 A PCy3 0 0 75 25 
2 A P(tBu)3 69 5 26 0 
3 A PPh3 0 2 82 16 
4 A cataCXium® AHI 26 0 68 6 
5 B 4.15 96 0 4 0 
6 B IAd·HCl 80 7 13 0 
7 B IMes·HCl 75 0 20 5 
8 B IPr·HCl 19 0 72 9 
9 B IBioxMe4·HOTf 0 30 55 15 
10 B IBioxSpiCy·HOTf 0 73 14 13 
 
aReaction carried on 0.1 mmol of 4.12a diluted in 1 mL of mesitylene. bA: Pd(OAc)2 (5 mol%), ligand (10 mol%), PivOH (30 mol%) and 
Cs2CO3 (2 equiv); B: [Pd(π-cin)Cl]2 (2.5 mol%), ligand (10 mol%), CsOPiv (1 equiv) and Cs2CO3 (1.5 equiv). 
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The major product obtained was 4.14a along with multiple byproducts. We observed by GC-
MS analysis the formation of different decarboxylated byproducts related to starting material 
4.12a and proto-debrominated byproduct 4.14a. This degradation is probably due to the high 
reaction temperature of 160°C. When tri-tert-butylphosphine or triphenylphosphine were used 
as ligands, traces of product were observed (entries 2,3). We then turned our attention to 
different NHC ligands as they proved to be efficient in our previous project. CAAC 4.15 gave 
low conversion (entry 5), probably due to its unstability at this high temperature. When common 
NHC ligands IAd·HCl, IMes·HCl and IPr·HCl were used, we observed either low conversion 
or proto-debrominated product formation (entries 6-8). Then, IBioxMe4·HOTf was tested and 
for the first time a significant amount (30%) of indane 4.13a was obtained. Motivated by this 
result, we prepared IBioxSpiCy·HOTf as described by F. Glorius.211 This ligand increases 
significatively the efficiency of the reaction leading to 73% of 4.13a in 19F NMR.  
Following these promising results using IBiox-type NHC, we tested some other chiral ligands 
under described conditions (Table 4.2). 
Table 4.2. Preliminary screening using chiral ligands. 
 
Entrya Conditionb Ligand (x mol%) 
19F NMR ratio e.r. of 
4.13ac 4.12a 4.13a 4.14a other 
1 A 4.16 (15 mol%) 0 0 0 100 - 
2 B 4.17 (15 mol%) 93 0 7 0 - 




19 41 34 6 86:14 
5 C IBioxtBu·HOTf (10 mol%) 11 33 47 0 99:1 
 
aReaction carried on 0.1 mmol of 4.12a in 1 mL of solvent. bA: Pd2dba3 (5 mol%), 4.16 (15 mol%) and Cs2CO3 (2 equiv) in DMSO at 140°C; 
B: Pd2dba3 (2.5 mol%), 4.17 (10 mol%), AdCO2H (30 mol%) and Cs2CO3 (1.5 equiv) in mesitylene at 100°C; C: [Pd(π-cin)Cl]2 (2.5 mol%), 
ligand (10 mol%), CsOPiv (1 equiv) and Cs2CO3 (1.5 equiv) in mesitylene at 160°C. 
cDetermined by HPLC using a chiral phase. 
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Using binepine 4.16 as ligand led to complete conversion to the mono-decarboxylated 
analogue of 4.12a, probably because DMSO used as solvent is known to promote Krapcho 
reaction (entry 1). Phosphoramidite ligand 4.17 and Herrmann-Kündig type NHC 4.18 gave 
low conversion without traces of indane 4.13a (entries 2,3). As for the non-asymmetric 
conditions, only IBiox-type NHC gave some reactivity (entries 4,5). Indeed, IBiox[(-)-
menthyl]·HOTf and IBioxtBu·HOTf led to 41% and 33% of the desired indane. Moreover, we 
were really pleased to observe a really high induction (99:1 e.r.) with IBioxtBu·HOTf. The use 
of IBiox[(-)-menthyl]·HOTf resulted in a lower induction with 86:14 e.r.. Considering the 
impact of the substitutents’ size observed for achiral IBiox, we wanted to test a range of bulky 
chiral analogues. In this regard, we prepared described IBioxiPr·HOTf and its new analogues 
IBioxiBu·HOTf, IBioxCy·HOTf and IBioxAd·HOTf following established routes.215,216 
Table 4.3. Screening using new chiral IBiox ligands. 
 
Entrya IBiox NHC 
19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 IBioxiPr·HOTf 45 13 37 5 N.D. 
2 IBioxiBu·HOTf 79 1 19 1 N.D. 
3 IBioxCy·HOTf 45 13 37 5 N.D. 
4 IBioxAd·HOTf 10 40 40 10 95:5 
 
aReaction carried on 0.1 mmol of 4.12a diluted in 1 mL of mesitylene. bDetermined by HPLC using a chiral phase. 
We then tested these ligands in the studied reaction (Table 4.3). These results seem to 
confirm that the reactivity depends on the steric bulk of the ligand. Indeed, IBiox bearing a 
smaller group (entries 1-3) led to lower conversion compared to bulkier IBiox (entries 4 of 
Table 4.3 and entries 4,5 of Table 4.3). Moreover, IBioxAd·HOTf gave the best compromise 
between reactivity and enantioselectivity with 40% of 4.13a in 19F NMR and 95:5 e.r.. We 
decided to continue our screening with IBioxAd·HOTf as ligand. We then modified some 
parameters of the reaction: the amount of cesium carbonate, the temperature and the 
concentration (Table 4.4). 
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19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 1.5 120 0.1 9 36 43 12 N.D. 
2 1.5 140 0.1 0 54 38 7 98:2 
3 2 160 0.1 0 60 25 15 98:2 
4 3 160 0.1 0 63 24 13 N.D. 
5 2 120 0.1 69 7 20 4 N.D. 
6 2 140 0.1 0 49 42 9 N.D. 
7 1.5 160 0.2 0 60 28 12  98:2 
8 1.5 160 0.05 6 53 35 6 98:2 
9 1.5 120 0.2 7 36 47 10 N.D. 
10 1.5 140 0.2 0 59 35 6 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a. bDetermined by HPLC using a chiral phase. 
At 120°C, the same results were obtained than at 160°C (entry 1 compared to entry 4 of 
Table 4.3). Nevertheless, at 140°C, full conversion and a higher ratio of 54% of indane 4.13a 
were observed (entry 2). Increasing the amount of cesium carbonate to 2 equivalents resulted 
as well in a better ratio of 4.13a (60%, entry 3). However, the use of 3 equivalents of cesium 
carbonate did not lead to further improvement (entry 4). We then tried to combine both effects 
without success (entries 5,6). When the concentration was increased to 0.2 M, a higher ratio of 
product was obtained (60%, entry 7), but when the concentration was halved no significant 
impact was observed (entry 8). We tried again to combine the beneficial effects of a lower 
temperature and a higher concentration, but similar results were observed (entries 9,10). 
However, in this set of reactions, the enantiomeric ratio seems to be stable, when measured 
(entries 2,3,7,8). We then continued our investigations (Table 4.5). At 140°C, using xylenes 
instead of mesitylene (entry 1), a better ratio of 4.13a was observed compared to entry 2 of 
Table 4.4. When pivalic acid was used instead of cesium pivalate, similar ratios of product 
were observed at 160°C in mesitylene or 140°C in xylenes (entries 2,4). Nevertheless, at 140°C 
in mesitylene full conversion was not achieved (entry 3). When different carboxylic acids or 
carboxylates were used instead of pivalates or pivalic acid, inferior results were obtained 
(entries 5-9). As xylenes seem to be beneficial for the reaction outcome, we continued our 
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screening with this solvent. Addition of 5Å molecular sieves powder gave a significantly better 
result with 80% of indane 4.13a in 19F NMR (entry 12). However, 3Å and 4Å molecular sieves 
led to worse results (entries 10,11). We also tried to decrease the amount of cesium pivalate, 
but lower ratios of 4.13a (entries 13,14) were obtained. When o-xylene, p-xylene or dibutyl 
ether were used instead of mesitylene, we observed as well decreased ratios of 4.13a. Moreover, 
in this series as well, the e.r. remained stable at 98:2. 
Table 4.5. Screening of solvents, temperature and carboxylate or carboxylic acid. 
 
Entrya 







19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 CsOPiv (1 equiv) 1.5 xylenes 140 0 62 33 5 98:2 
2 PivOH (0.3 equiv) 2 mesitylene 160 0 65 24 11 98:2 
3 PivOH (0.3 equiv) 2 mesitylene 140 23 31 38 7 98:2 
4 PivOH (0.3 equiv) 2 xylenes 140 0 57 37 6 98:2 
5 CsOAc (1 equiv) 1.5 mesitylene 160 43 14 41 2 N.D. 
6 CF3CO2Cs (1 equiv) 1.5 mesitylene 160 10 51 39 0 N.D. 




2 mesitylene 160 0 33 51 16 N.D. 
9 CF3CO2Cs (1 equiv) 1.5 mesitylene 140 76 0 24 0 N.D. 
10c CsOPiv (1 equiv) 1.5 xylenes 140 18 15 32 35 N.D. 
11d CsOPiv (1 equiv) 1.5 xylenes 140 4 36 31 29 N.D. 
12e CsOPiv (1 equiv) 1.5 xylenes 140 0 80 18 2 98:2 
13e CsOPiv (0.3 equiv) 1.5 xylenes 140 0 72 20 8 N.D. 
14e CsOPiv (0.3 equiv) 2 xylenes 140 0 71 26 3 N.D. 
15e CsOPiv (1 equiv) 1.5 o-xylene 140 0 77 20 3 N.D. 
16e CsOPiv (1 equiv) 1.5 p-xylene 140 0 74 24 2 N.D. 
17e CsOPiv (1 equiv) 1.5 
dibutyl 
ether 
140 0 57 39 4 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a diluted in 1 mL of solvent. bDetermined by HPLC using a chiral phase. c25 mg of 3Å molecular 
sieve powder was added. d25 mg of 4Å molecular sieves powder was added. e25 mg of 5Å molecular sieves powder was added. 
We were pleased with the results of entry 12. Nevertheless, product 4.13a and 4.14a proved 
to be unseparable by column chromatography. Thus, we decided to do a second round of 
optimization to try to reduce the formation of this undesired byproduct.  
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Table 4.6. Screening of palladium sources. 
 
Entrya [Pd] source 
19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 [Pd(π-All)Cl]2  0 79 16 5 N.D. 
2 Pd(π-All)Cp 14 15 34 37 N.D. 
3 Pd(π-cin)Cp 0 26 35 39 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a with 25 mg of 5Å molecular sieves powder and diluted in 1 mL of xylenes. bDetermined by HPLC 
using a chiral phase. 
We tested few other palladium sources instead of [Pd(π-cin)Cl]2 (Table 4.6). [Pd(π-All)Cl]2 
led to similar results (entry 1). We also prepared Pd(π-All)Cp  and Pd(π-cin)Cp  complexes 
which both gave a lower ratio of indane 4.13a (entries 2,3). We chose to continue our screening 
with [Pd(π-All)Cl]2. Indeed, this complex can be easily prepared and the use of a homemade 
complex allows to control its purity and prevents reproducibility issues. 
We then screened a range of acids to replace cesium pivalate. Nevertheless, all tested acids 
proved to be less efficient than cesium pivalate (Table 4.7). 
Table 4.7. Screening of acids. 
 
Entrya Acid 
19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 xanthanoic acid 87 0 11 2 N.D. 
2 dibenzyl phosphate 88 3 8 1 N.D. 
3 PivNHOH 66 4 14 16 N.D. 
4 AdCO2H 91 5 3 1 N.D. 
5 MesCO2H 67 14 14 5 N.D. 
6 AcOH 88 1 8 3 N.D. 
7 hexanoic acid 2 61 30 7 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a with 25 mg of 5Å molecular sieves powder and diluted in 1 mL of xylenes. bDetermined by HPLC 
using a chiral phase. 
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Afterward, some other stochiometric bases were used in place of cesium carbonate (Table 
4.8). However, none of them led to better results. 
Table 4.8. Screening of stochiometric base. 
 
Entrya base 
19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 K2CO3 35 4 17 44 N.D. 
2 Rb2CO3 0 35 18 47 N.D. 
3 K3PO4 45 12 18 25 N.D. 
4 CsOH 57 3 32 8 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a with 25 mg of 5Å molecular sieves powder and diluted in 1 mL of xylenes. bDetermined by HPLC 
using a chiral phase. 
The next step was an extensive screening of solvents (Table 4.9). We first tested a range of 
aromatic solvents (entries 1-6). Anisole, pseudocumene, cumene and p-cymene did not lead to 
full conversion. Moreover, high amounts of proto-debrominated byproduct were observed 
(entries 1-4). Toluene gave a slightly lower proportion of 4.13a than xylenes (entry 5). 
Nevertheless, the use of α,α,α-trifluorotoluene as solvent resulted in the formation of the 
expected indane in 84%. Ether solvents gave worse results with maximum 60% of product 
formation with dibutyl ether (entries 7-9). With tert-amyl alcohol the product was not observed 
(entry 10). In diethyl carbonate, proto-debrominated compound 4.14a was the major product 
(entry 11). Finally, polar solvents such as DMF and DMSO led to complete 
monodecarboxylation of 4.12a (entries 12,13). We kept α,α,α-trifluorotoluene as the best 
solvent to continue our investigations. 
We prepared the well-defined precatalyst Pd(IBioxAd)(π-All)Cl using conditions described 
by P. Kündig (Scheme 4.4).214 We expected that this complex could lead to a cleaner reaction 
outcome. We then conducted the last screening of our optimization (Table 4.10). When the 
amounts of cesium pivalate and cesium carbonate were decreased to 30 mol% and 1 equivalent 
respectively, we observed 89% of 4.13a in 19F NMR (entry 1). When the reaction was run using 
the well-defined precatalyst, a similar result was observed (entry 2). Moreover, in both cases, 
an e.r. of 98:2 was measured.  
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Table 4.9. Screening of solvents. 
 
Entrya solvent 
19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 anisole 57 11 21 11 N.D. 
2 pseudocumene 20 40 36 4 N.D. 
3 cumene 7 24 37 32 N.D. 
4 p-cymene 22 4 55 19 N.D. 
5 toluene 0 76 21 3 N.D. 
6 α,α,α-trifluorotoluene 0 84 14 2 N.D. 
7 CPME 0 45 34 21 N.D. 
8 1,4-dioxane 31 25 23 21 N.D. 
9 dibutyl ether 0 60 33 7 N.D. 
10 tert-amyl alcohol 40 0 26 34 N.D. 
11 diethyl carbonate 11 30 50 9 N.D. 
12 DMSO 0 0 0 100 N.D. 
13 DMF 0 0 0 100 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a with 25 mg of 5Å molecular sieves powder and diluted in 1 mL of solvent. bDetermined by HPLC 
using a chiral phase. 
We then tested other Ibiox NHC under these optimized conditions. IBioxtBu·HOTf proved 
to be less efficient and led to 81% of the expected product (entry 3). Achiral IBioxMe4·HOTf 
and IBioxSpiCy·HOTf gave good results (entries 4,5), which provides us with conditions for 
the preparation of racemic indanes. In complement, we conducted two control experiments. 
When the reaction was carried out without cesium carbonate, only traces of proto-debrominated 
product were observed along with starting material (entry 6). Moreover, running the reaction 
without cesium pivalate resulted as well in a lower conversion, but 9% of product were observed 
along with 26% of 4.14a (entry 7). 
 
Scheme 4.4. Preparation of a well-defined precatalyst from IBioxAd·HOTf. 
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Table 4.10. Final optimization. 
 
Entrya [Pd] source IBiox NHC 
19F NMR ratio e.r. of 
4.13ab 4.12a 4.13a 4.14a other 
1 [Pd(π-All)Cl]2 IBioxAd·HOTf 0 89 8 3 98:2 
2 Pd(IBioxAd)(π-All)Cl 0 86 9 5 98:2 
3 [Pd(π-All)Cl]2 IBioxtBu·HOTf 0 81 9 10 N.D. 
4 [Pd(π-All)Cl]2 IBioxMe4·HOTf 0 83 9 8 - 
5 [Pd(π-All)Cl]2 IBioxSpiCy·HOTf 0 89 5 6 - 
6c [Pd(π-All)Cl]2 IBioxAd·HOTf 96 0 4 0 N.D. 
7d [Pd(π-All)Cl]2 IBioxAd·HOTf 56 9 26 9 N.D. 
 
aReaction carried on 0.1 mmol of 4.12a with 25 mg of 5Å molecular sieves powder and diluted in 1 mL of α,α,α-trifluorotoluene. 
bDetermined by HPLC using a chiral phase. cCarried without Cs2CO3. 
dCarried without CsOPiv. 
These results seem to indicate that both pivalate and carbonate are involved in the catalytic 
process, maybe by forming a cluster as proposed previously in the discussion about the 
mechanistic studies conducted with BPA (subchapter 2.5). 
4.3. Scope and limitations 
With the optimized conditions in hand, we prepared a variety of substrates in order to explore 
the scope of this transformation (Scheme 4.5). In this regard, we used two similar procedures. 
The first one in which malonate was first benzylated and then alkylated using a range of alkyl 
halides. The other one was the benzylation of commercial dialkyl n-propylmalonates. By those 
ways, a range of seventeen substrates with different substituents on the aromatic part were 
prepared. We also prepared one diethyl malonate substrate and one Meldrum's acid derivative. 
Then, nine substrates bearing different alkyl chains were prepared, either pure alkyl or 
functionalized chains. In complement, we prepared two substrates with a fluorine on the 
aromatic and an ethyl chain deuterated or not, in prevision of kinetic experiments, that we plan 
to monitor by 19F NMR, to determine a possible kinetic isotope effect.  
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Scheme 4.5. Preparation of substrates. 
We then started to investigate the scope of our transformation using these substrates. With 
all substrates tested so far, we observed the formation of the corresponding proto-debrominated 
byproducts in a range of 5-15% (determined by GC-MS). Unfortunately, the latter cannot be 
separated from the expected indanes using classical column chromatography. We turned our 
attention to reversed-phase preparative HPLC without much more success. However, better 
results were obtained with a normal phase column, although purifications remain tricky. Here, 
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Scheme 4.6. Preliminary scope, reactions carried on 0.2 mmol. 
The substrate used during the optimization led to indane 4.12a, which was isolated in 86% 
yield with 98:2 e.r.. Moreover, this indane was crystalized and its structure determined by X-
ray crystallography. Nevertheless, the flack parameter indicates a 3:1 ratio between the two 
enantiomers in the crystal. Thus the exact configuration remains uncertain. Changing the 
aromatic properties with electro-withdrawing groups seems to be well tolerated (4.13g,h,l) as 
well as changing bromine for chloride as oxidative addition site (4.13h,l). However, putting 
another chlorine on the aromatic shuts down the reaction, probably due to competitive oxidative 
addition which leads to an unproductive palladium(II) complex. A shorter chain resulted in a 
slightly lower 95:5 e.r. with a good isolated yield of 72%. In this case, we observed, by GC-MS 
analysis, traces of a byproduct resulting from the activation of the terminal methyl position. 
Addition of a fluorine on the chain is also tolerated. Indeed, indane 4.13w was isolated in 91% 
yield with 98:2 e.r.. Other substrates were already tested and showed good results by GC-MS 
analysis. Nevertheless, conditions for their purification were not found yet. 
4.4. Conclusion and Outlooks 
In conclusion, the development of a new methodology for indanes synthesis via asymmetric 
C(sp3)-H arylation of unactivated methylenes by desymmetrization of two enantiotopic protons 
is on a good way. At this point, preliminary results seem really promising. The main drawback 
remains the difficulties of purification. After mono-decarboxylation, the obtained indanes could 
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be used, as discussed previously, as intermediates in the synthesis of different natural products. 
Moreover, a recent methodology developed by D. A. Nicewicz236 could be applied on 4.13 
derivatives for complete bis-decarboxylation to obtain the corresponding indanes 4.23 (Scheme 
4.7). Similarly, a recent report by J.-P. Chen237 describes a method for the Ag-catalyzed 
chemoselective decarboxylative mono- and gemdifluorination of malonic acid derivatives. 
These few examples of post-functionalization demonstrate that malonate derivatives constitute 
an excellent platform for further modifications.  
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5. General Conclusion 
Over the past thirty years, impressive work has been accomplished for the selective and 
asymmetric functionalization of C(sp3)-H bonds using a range of metal-catalyzed 
transformations. These new methods constitute an interesting toolbox which provides rapid 
access to molecular complexity in an atom- and step economical manner. In this context, my 
Ph.D was oriented toward the development of new asymmetric methodologies for C(sp3)-H 
arylation and their application to the total synthesis of natural products. 
We first developed a new methodology for the synthesis of enantioenriched indolines 
(Scheme 5.1). Instead of the well-developed approach using chiral phosphorylated or NHC 
ligands, we used a chiral BINOL-based phosphate, in combination with 
tricyclohexylphosphine, for asymmetric induction. We were able to achieve high yields and 
enantioselectivity for a broad range of substrates. Moreover, we extended this method to the 
creation of tetrasubstituted stereocenters, which furnishes valuable amino acid derivatives. In 
complement, we applied our conditions on cyclobutyl derivatives leading to the corresponding 
fused indolines in medium yield and high enantioselectivity. Finally, we observed modest 
kinetic resolution of one substrate. 
 
Scheme 5.1. Synthesis of enantioenriched indolines via C(sp3)-H arylation using BPA for asymmetric induction. 
In a second part, we performed the divergent total synthesis of three (nor)illudalanes 
sesquiterpenes in racemic and enantioselective fashions using C(sp3)-H arylation. For this, we 
had to perform an extensive screening of conditions to accomplish sufficient induction during 
the C(sp3)-H arylation key step. Due to an unsatisfying enantiomeric ratio, we recrystallized 
one intermediate to prepare highly enantioenriched natural products. Moreover, we applied an 
iridium-catalyzed C(sp2)-H borylation strategy, recently developed by J. Hartwig, and a 
subsequent copper-catalyzed methylation to the preparation of our C-H activation precursor. 





Scheme 5.2. Total synthesis of (S)-puraquinonic acid, (S)-deliquinone and (S)-russujaponol F. 
Finally, we present here preliminary results of a new methodology for the contruction of 
indanes via enantioselective C(sp3)-H arylation of unactivated methylene positions through the 
desymmetrization of two enantiotopic protons. This work is still in progress, but seems really 
promising. Moreover, we plan to apply this new reaction to the synthesis of different natural 
products from the renifolin and indidene families.  
 
Scheme 5.3. Synthesis of enantioenriched indanes via C(sp3)-H arylation through desymmetrization of two 




















6. Experimental Section 
6.1. General Information 
Techniques:  
All reactions involving air-sensitive material were carried out in predried glassware under an 
argon atmosphere by using Schlenk techniques employing double-line argon-vacuum lines and 
working in an argon-filled glovebox. An oil bath was used as heating source unless otherwise 
noted. Analytical thin layer chromatography (TLC) was performed using precoated Merck 
silica gel 60 F254 plates (0.25 mm). Visualization of the developed chromatogram was 
performed by UV absorbance (254 nm) or TLC stains (KMnO4 and Phosphomolybdic acid). 
Flash chromatography was performed using Silicycle SiliaFlash P60 (230−400 mesh) with the 
indicated solvent system, using gradients of increasing polarity in most cases.  
Chemicals: 
Anhydrous solvents were purchased from Acros Organics or Sigma-Aldrich. The solvents 
were degassed by three cycles of freeze−pump−thaw and storing in single-necked flasks 
equipped with a JYoung PTFE valve when necessary. Palladium complexes were purchased 
from Sigma-Aldrich or Strem. All other chemical reagents were purchased from Sigma-
Aldrich, Acros Organics, Alfa Aesar, Apollo scientific and Fluorochem and used as received 
without further purification unless otherwise stated.  
Instrumentation: 
GC-MS analyses were performed with a Shimadzu QP2010SB GC−MS apparatus on a Rtx-
5 ms-LowBleed column lined with a mass (EI) detection system. HPLC analyses were 
performed using a Shimadzu Prominence system with SIL-20A auto sample, CTO-20AC 
column oven, LC-20AD pump system, DGU20A3 degasser and SPD-M20A Diode Array or 
UV/vis detector. The following chiral columns from Daicel Chemical Industries were used: 
OD-H (Chiralcel), OJ-H (Chiralcel), IA (Chiralpak), AD-H (Chiralpak) in 4.6 × 250 mm size. 
HPLC purifications were performed using a Shimadzu system with SIL-20AC auto sample, 
CTO-20AC column oven, LC-20AP pump system and SPD-M20A Diode Array or UV/vis 
detector. The following columns were used: Reprospher 100 Si, 5 or 10 μm, in 20 × 250 mm 
size. Melting points were obtained on a Büchi melting point M- 565, and are uncorrected. IR 




centimeters (cm−1). Nuclear magnetic resonance spectra were recorded on a Bruker Advance 
400 (400 MHz), Advance 500 (500 MHz) and Advance 600 (600 MHz) in deuterated 
chloroform (residual peaks 1H δ 7.26 ppm, 13C δ 77.16 ppm) unless otherwise noted. 19F NMR 
spectra were referenced to external CFCl3. Data are reported in parts per million (ppm) as 
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = 
quintuplet, sept = septuplet, m = multiplet and brs = broad singlet), coupling constant in Hz and 
integration. High resolution mass spectra were recorded by Dr. H. Nadig, Dr. M. Pfeffer and S. 
Mittelheisser (Department of Chemistry, University of Basel) on a Bruker maXis 4G QTOF 
ESI mass spectrometer. Optical rotations were measured on a PerkinElmer 341 Polarimeter in 
a 1 mL micro cuvette (cell length 100 mm) with NaD-Line (λ = 589 nm). The concentration (c) 

















6.2. Chapter 2 
6.2.1. BPA 
(R)-(-)-VAPOL hydrogenphosphate was purchased from Sigma-Aldrich. All other chiral 
phosphoric acids were prepared in accordance with literature procedures and spectroscopic data 
were consistent with those previously reported.162–172 Except 2.16k which was never described: 
(R)-3,3'-bis[2,5-di(trifluoromethyl)phenyl]-1,1'-binaphthyl-2,2'-diylphosphoric acid 
(2.16k): 
Prepared according to literature procedures from (2,2'-dimethoxy-[1,1'-binaphthalene]-3,3'-
diyl)diboronic acid (2.14b) and 3,5-diisopropyl-1-bromophenyl. Suzuki cross coupling and 
cleavage of methoxy groups lead to corresponding BINOL derivative (917 mg, 1.51 mmol, 
61% yield over 2 steps). Then the BINOL was subjected to phosphorylation with POCl3 and 
hydrolyzed using pyridine and water to obtain 2.16k as a white solid (782 mg, 1.17 mmol, 90% 
yield over two steps). 
1H NMR (500 MHz, CDCl3): δ (ppm) 8.07 (brs, 1H), 7.99 (s, 2H), 7.96 
(d, J = 8.2 Hz, 2H), 7.50 (ddd, J = 7.9, 6.6, 1.1 Hz, 2H), 7.37 (d, J = 8.5 
Hz, 2H), 7.30 (ddd, J = 8.4, 6.8, 1.2 Hz, 2H), 7.27 (s, 2H), 7.27 (s, 2H), 
6.96 (t, J = 1.6 Hz, 2H), 2.79 (hept, J = 6.9 Hz, 4H), 1.09 (d, J = 6.9 Hz, 
12H), 1.06 (d, J = 6.9 Hz, 12H). 
13C NMR (126 MHz, CDCl3): δ (ppm) 148.8, 145.0, 144.9, 136.9, 135.0, 
135.0, 132.0, 132.0, 131.6, 131.5, 128.4, 127.3, 126.4, 125.9, 125.7, 
123.9, 122.6, 122.6, 34.2, 24.2, 23.8 
31P NMR (162 MHz, CDCl3): δ (ppm) 2.5 
IR (neat): ν (cm-1) 2960, 2870, 1598, 1224, 1179, 1019, 872, 749 
HRMS (ESI): Calcd for C44H45NaO4P [M+Na]
+: 691.2948, found 691.2937 
Mp: 218-222°C 
[α]D






General procedure A:  
 
Molecular sieves (4 Å, 2.0 g/mmol), TsOH∙H2O (0.2 equiv) were added to a solution of o-
haloarylamine (1.0 equiv) in dry acetone (5 mL/mmol) and the resulting mixture was vigorously 
stirred at 50°C for 12-48 h. It was filtered and the filtrate was evaporated to afford the crude 
imine. NaBH4 (3.0 equiv) was added at 0°C to a solution of this oil in methanol. The reaction 
mixture was stirred overnight, during which time the ice bath warmed up to ambient 
temperature. Then 1.0 M aq. NaOH solution was added and the reaction was stirred for 10 min. 
The resulting mixture was extracted with DCM and the combined organic layers were dried 
over anhydrous Na2SO4. After removal of solvents, the crude product was purified by flash 
column chromatography using EtOAc–pentane mixture as eluent. 
 
General procedure B: 
 
To a stirred solution of o-haloarylamine (1.0 equiv) in DCE (2-3 mL/mmol) under argon, 2-
methoxypropene (1.5 equiv), AcOH or TFA (1.0 equiv) and NaBH(OAc)3 (1.5 equiv) were 
added sequentially. After stirring at room temperature overnight, the reaction mixture was 
quenched with an aqueous 1M NaOH solution and extracted with DCM. The combined organic 
layers were washed with brine, dried over Na2SO4, and concentrated under reduced pressure. If 
necessary, the crude product was purified by flash column chromatography using EtOAc–





General procedure C: 
 
A mixture of o-bromoarylamine (1.0 equiv), sodium bicarbonate (1.5 equiv) and 2-bromo-2-
methylpropanoate (1.68 equiv) was heated at 140°C for 48-72 h. The reaction mixture was then 
cooled down to room temperature and directly purified by flash column chromatography on 
silica gel using EtOAc–pentane mixture as eluent. 
 
General procedure D: 
 
A mixture of N-alkyl-o-bromoarylamine in chloroformate (2-3 mL/mmol) was heated under 
reflux overnight. The mixture was then poured into water and extracted with DCM. The 
combined organic layers were dried over Na2SO4, and concentrated under reduced pressure. 
The crude material was purified by flash column chromatography using EtOAc–pentane 
mixture as eluent. 
 
Methyl (2-chlorophenyl)(isopropyl)carbamate (2.24a-Cl):  
Obtained according to the General procedure A and General procedure D, as a slight yellow 
oil (65% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.46-7.42 (m, 1H), 7.28-7.22 (m, 2H), 
7.14-7.20 (m, 1H), 4.63-4.42 (m, 1H), 3.60 (s, 3H), 1.28 (d, J = 6.8 Hz, 3H), 
1.02 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.5, 136.8, 135.0, 130.9, 130.3, 
128.8, 127.2, 52.9, 50.4, 22.5, 19.7 
IR (neat): ν (cm-1) 2977, 2953, 1700, 1480, 1440, 1319, 1095, 756 
HRMS (ESI): Calcd for C11H14
35ClNNaO2 [M+Na]






Methyl (2-bromophenyl)(isopropyl)carbamate (2.24a-Br):  
Obtained according to the General procedure A and General procedure D, as a white solid 
(83% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.63 (dd, J = 7.9, 1.5 Hz, 1H), 7.31 (td, 
J = 7.9, 1.5 Hz, 1H), 7.22-7.13 (m, 2H), 4.58-4.42 (m, 1H), 3.61 (s, 3H), 1.31 
(d, J = 6.8 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.3, 138.5, 133.5, 130.8, 129.0, 
127.9, 126.0, 52.9, 50.4, 22.6, 19.7 
IR (neat): ν (cm-1) 2977, 2951, 1693, 1323, 1096, 763 
HRMS (ESI): Calcd for C11H14
79BrNNaO2 [M+Na]
+: 294.0100, found 294.0103 
Mp: 49-51°C 
 
Methyl (2-iodophenyl)(isopropyl)carbamate (2.24a-I):  
Obtained according to the General procedure A and General procedure D, as a slight yellow 
solid (55% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.90 (dd, J = 7.8, 1.3 Hz, 1H), 7.36 (td, 
J = 7.8, 1.3 Hz, 1H), 7.19 (d, J = 7.8 Hz, 1H), 7.02 (td, J = 7.8, 1.6 Hz, 1H), 
4.55-4.41 (m, 1H), 3.64 (s, 3H), 1.35 (d, J = 6.7 Hz, 3H), 1.03 (d, J = 6.7 Hz, 
3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.1, 142.1, 139.9, 129.8, 129.1, 
128.9, 103.5, 52.9, 50.5, 22.9, 19.9 
IR (neat): ν (cm-1) 2974, 2948, 1694, 1439, 1334, 1323, 1091, 761 
HRMS (ESI): Calcd for C11H14INNaO2 [M+Na]
+: 341.9961, found 341.9965 
Mp: 72-75°C 
 
Ethyl (2-bromophenyl)(isopropyl)carbamate (2.24b):  
Obtained according to the General procedure A and General procedure D, as a colorless 
viscous oil (81% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.63 (dd, J = 7.9, 1.4 Hz, 1H), 7.31 
(ddd, J = 7.9, 7.4, 1.4 Hz, 1H), 7.23-7.15 (m, 2H), 4.61-4.46 (m, 1H), 4.23-
3.95 (m, 2H), 1.31 (d, J = 6.7 Hz, 3H), 1.16-1.09 (m, 2H), 1.03 (d, J = 6.7 Hz, 
3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.7, 138.5, 133.3, 130.7, 128.8, 




IR (neat): ν (cm-1) 2977, 2934, 1698, 1443, 1309, 1086, 752 
HRMS (ESI): Calcd for C12H16C
79BrNNaO2 [M+Na]
+: 308.0257, found 308.0260 
 
Benzyl (2-bromophenyl)(isopropyl)carbamate (2.24c):  
Obtained according to the General procedure A and General procedure D, as a white solid 
(45% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.64 (d, J = 7.8 Hz, 1H), 7.49-7.10 (m, 
8H), 5.32-5.01 (m, 2H), 4.63-4.40 (m, 1H), 1.33 (d, J = 6.7 Hz, 3H), 1.05 (d, 
J = 6.7 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.7, 138.4, 136.8, 133.5, 130.9, 
129.0, 128.3, 127.9, 127.7, 127.4, 126.0, 67.1, 50.5, 22.6, 19.7 
IR (neat): ν (cm-1) 2980, 1691, 1404, 1307, 1085, 688 
HRMS (ESI): Calcd for C17H18
79BrNNaO2 [M+Na]
+: 370.0413, found 370.0416 
Mp: 56-58°C 
 
Isobutyl (2-bromophenyl)(isopropyl)carbamate (2.24d):  
Obtained according to the General procedure A and General procedure D, as a colorless 
viscous oil (77% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.63 (d, J = 7.9 Hz, 1H), 7.33-7.28 (m, 
1H), 7.25-7.13 (m, 2H), 4.63-4.28 (m, 1H), 4.11-3.70 (m, 2H), 1.80-1.64 (m, 
1H), 1.31 (d, J = 6.7 Hz, 3H), 1.05 (d, J = 6.7 Hz, 3H), 0.71 (s, 6H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.0, 138.7, 133.4, 131.0, 128.9, 
127.8, 126.2, 71.7, 50.0, 28.0, 22.7, 19.8, 19.1  
IR (neat): ν (cm-1) 2960, 2874, 1697, 1314, 1087, 763 
HRMS (ESI): Calcd for C14H20
79BrNNaO2 [M+Na]






N-(2-bromophenyl)-N-isopropylisobutyramide (2.24e):  
Obtained according to the General procedure A and General procedure D, as a white solid 
(81% yield over two steps). Spectroscopic data are consistent with those previously reported.144 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.71-7.67 (m, 1H), 7.40-7.35 (m, 1H), 
7.26-7.21 (m, 2H), 4.85 (sept, J = 6.7 Hz, 1H), 2.10 (sept, J = 6.7 Hz, 1H), 
1.23 (d, J = 6.5 Hz, 3H), 1.12 (d, J = 6.5 Hz, 3H), 0.96 (d, J = 6.7 Hz, 3H), 
0.90 (d, J = 6.7 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 177.0, 139.2, 134.0, 131.3, 129.6, 
128.3, 126.7, 47.9, 32.9, 22.3, 20.1, 19.4, 19.3 
 
N-(2-bromophenyl)-2,2,2-trifluoro-N-isopropylacetamide (2.24f):  
N-isopropyl-2-bromoaniline (Obtained according to the General procedure A) was mixed 
with TFAA (5 equiv) and NEt3 (1.5 equiv), the mixture was stirred overnight at ambient 
temperature. Then the crude was concentrated under reduce pressure and purified by flash 
column chromatography with a mixture of pentane and AcOEt to give 2.24f as a white solid 
(84% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.68 (dd, J = 8.0, 1.6 
 
Hz, 1H), 7.37 (td, J = 7.7, 1.6 Hz, 1H), 7.29 (td, J = 7.7, 1.6 Hz, 1H), 7.24 
(dd, J = 7.7, 0.9 Hz, 1H), 4.59 (sept, J = 6.7 Hz, 1H), 1.34 (d, J = 6.7 Hz, 
3H), 1.12 (d, J = 6.7 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 156.6 (q, J = 35.4 Hz), 136.1, 133.9, 
131.7, 130.8, 128.0, 125.8, 116.0 (q, J = 289.0 Hz), 52.7, 21.1, 18.8 
19F NMR (376 MHz, CDCl3): δ (ppm) -69.13 
IR (neat): ν (cm-1) 2985, 1682, 1473, 1187, 1146, 1110, 736, 700, 552 
HRMS (ESI): Calcd for C11H11
79BrF3NNaO [M+Na]







N-(2-bromophenyl)-1,1,1-trifluoro-N-isopropylmethanesulfonamide (2.24g):  
Obtained according to the describe procedure of the Cramer group, as a white solid (44% yield 
over two steps). Spectroscopic data are consistent with those previously reported.147 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.74 (dd, J = 8.2, 1.5 Hz, 1H), 7.38 
(ddd, J = 8.2, 6.9, 1.5 Hz, 1H), 7.33-7.27 (m, 2H), 4.55 (hept, J = 6.7 Hz, 1H), 
1.32 (d, J = 6.7 Hz, 3H), 1.31 (d, J = 6.7 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 134.8, 133.4, 133.3, 131.1, 128.1, 
128.0, 120. (q, J = 323.8 Hz), 56.6, 22.2, 22.1 
19F NMR (376 MHz, CDCl3): δ (ppm) -74.86 
 
Methyl (2-bromo-4-fluorophenyl)(isopropyl)carbamate (2.24h):  
Obtained according to the General procedure B and General procedure D, as a colorless 
viscous oil (82% yield over two steps). 
1H NMR (400 MHz, CDCl3): 7.38 (dd, J = 8.0, 2.9 Hz, 1H), 7.16 (dd, J = 
8.7, 5.6 Hz, 1H), 7.03 (ddd, J = 8.7, 7.7, 2.9 Hz, 1H), 4.59-4.40 (m, 1H), 
3.62 (s, 3H), 1.29 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 161.3 (d, J = 251.5 Hz), 155.3, 134.8, 
131.5 (d, J = 5.7 Hz), 126.5 (d, J = 10.0 Hz), 120.8 (d, J = 25.2 Hz), 115.0 
(d, J = 21.9 Hz), 53.0, 50.4, 22.6, 19.8 
19F NMR (376 MHz, CDCl3): δ (ppm) 112.22 (m). 
IR (neat): ν (cm-1) 2980, 2957, 1696, 1442, 1314, 1257, 1094, 587 
HRMS (ESI): Calcd for C11H13
79BrFNNaO2 [M+Na]
+: 312.0006, found 312.0007 
 
Methyl (2-bromo-4-chlorophenyl)(isopropyl)carbamate (2.24i):  
Obtained according to the General procedure A and General procedure D, as a white solid 
(54% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.64 (d, J = 2.4 Hz, 1H), 7.30 (dd, J 
= 8.4, 2.4 Hz, 1H), 7.12 (d, J = 8.4 Hz, 1H), 4.57-4.44 (m, 1H), 3.62 (s, 
3H), 1.29 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.1, 137.3, 134.0, 133.3, 131.4, 
128.2, 126.7, 53.0, 50.5, 22.6, 19.8 
IR (neat): ν (cm-1) 3058, 2981, 2948, 1693, 1440, 1322, 1094, 766, 514 
HRMS (ESI): Calcd for C11H13
79Br35ClNNaO2 [M+Na]




Mp: 43-45 °C 
 
Methyl (2-bromo-4-methylphenyl)(isopropyl)carbamate (2.24j):  
Obtained according to the General procedure A and General procedure D, as a colorless oil 
(57% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.44 (s, 1H), 7.12-7.02 (m, 2H), 
4.58-4.42 (m, 1H), 3.60 (s, 3H), 2.33 (s, 3H), 1.28 (d, J = 6.8 Hz, 3H), 1.01 
(d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.4, 139.2, 135.6, 133.9, 130.3, 
128.6, 125.5, 52.8, 50.2, 22.6, 20.8, 19.7 
IR (neat): ν (cm-1) 2978, 2949, 1696, 1440, 1318, 1094, 766 
HRMS (ESI): Calcd for C12H16
79BrNNaO2 [M+Na]
+: 308.0257, found 308.0258 
 
Methyl 3-bromo-4-(isopropyl(methoxycarbonyl)amino)benzoate (2.24k):  
Obtained according to the General procedure B and General procedure D, as a colorless oil 
(93% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ 8.30 (d, J = 2.0 Hz, 1H), 7.98 (dd, J = 
8.2, 2.0 Hz, 1H), 7.26 (d, J = 8.2 Hz, 1H), 4.43-4.58 (m, 1H), 3.92 (s, 
3H), 3.62 (s, 3H), 1.32 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 165.4, 154.8, 142.9, 134.7, 
130.8, 130.6, 129.2, 126.2, 53.0, 52.6, 50.7, 22.7, 19.8 
IR (neat): ν (cm-1) 2977, 2952, 1716, 1439, 1279, 1098, 764, 732 
HRMS (ESI): Calcd for C13H16
79BrNNaO4 [M+Na]
+: 352.0155, found 352.0153 
 
Methyl (2-bromo-4-cyanophenyl)(isopropyl)carbamate (2.24l):  
Obtained according to the General procedure A and General procedure D, as a white solid 
(18% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.93 (d, J = 1.9 Hz, 1H), 7.63 (dd, J 
= 8.1, 1.9 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 4.58-4.42 (m, 1H), 3.63 (s, 
3H), 1.32 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.5, 143.5, 136.9, 131.7, 131.4, 
127.0, 117.0, 113.0, 53.1, 50.9, 22.7, 19.8 
IR (neat): ν (cm-1) 2981, 2951, 2228, 1695, 1443, 1331, 1306, 1096, 764 
HRMS (ESI): Calcd for C12H13
79BrN2NaO2 [M+Na]






Methyl (2-bromo-5-fluorophenyl)(isopropyl)carbamate (1m):  
Obtained according to the General procedure B and General procedure D, as a white solid 
(76% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.62-7.56 (m, 1H), 6.98-6.91 (m, 2H), 
4.58-4.42 (m, 1H), 3.65 (s, 3H), 1.32 (d, J = 6.8 Hz, 3H), 1.05 (d, J = 6.8 
Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 161.7 (d, J = 248.7 Hz), 155.0, 139.9, 
134.1 (d, J = 8.6 Hz), 120.6 (d, J = 3.9 Hz), 118.3 (d, J = 22.0 Hz), 116.3 
(d, J = 22.1 Hz), 53.0, 50.6, 22.7, 19.7 
19F NMR (376 MHz, CDCl3): δ (ppm) -113.33 to -113.41 (m) 
IR (neat): ν (cm-1) 2976, 1699, 1441, 1332, 1318, 1096, 819, 764, 598 
HRMS (ESI): Calcd for C12H16
79BrNNaO2 [M+Na]
+: 312.0006, found 312.0008 
Mp: 58-61°C 
 
Methyl (2-bromo-5-(trifluoromethyl)phenyl)(isopropyl)carbamate (2.24n):  
Obtained according to the General procedure B and General procedure D, as a white solid 
(50% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.77 (d, J = 8.3 Hz, 1H), 7.46-7.41 
(m, 2H), 4.59-4.45 (m, 1H), 3.64 (s, 3H), 1.33 (d, J = 6.8 Hz, 3H), 1.04 (d, 
J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.9, 139.5, 134.2, 130.7 (q, J = 
33.3 Hz), 130.4, 127.6, 125.7, 123.5 (q, J = 272.5 Hz), 53.1, 50.7, 22.7, 
19.8 
19F NMR (376 MHz, CDCl3): δ (ppm) -62.69 (s).
 
IR (neat): ν (cm-1) 2982, 2954, 1700, 1442, 1319, 1114, 1077, 846 
HRMS (ESI): Calcd for C12H13
79BrF3NNaO2 [M+Na]







Methyl (2-bromo-5-nitrophenyl)(isopropyl)carbamate (2.24o):  
Obtained according to the General procedure B and General procedure D, as a white solid 
(32% yield over two steps). 
1H NMR (500 MHz, CDCl3): δ (ppm) 8.12-7.99 (m, 2H), 7.89-7.79 (m, 
1H), 4.64-4.41 (m, 1H), 3.64 (s, 3H), 1.37 (d, J = 6.7 Hz, 3H), 1.06 (d, J = 
6.9 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ (ppm) 154.6, 147.5, 140.1, 134.3, 134.2, 
125.6, 123.6, 53.2, 50.9, 22.7, 19.9 
IR (neat): ν (cm-1) 2982, 2952, 1701, 1519, 1443, 1322, 1258, 1104, 1044, 766, 739 
HRMS (ESI): Calcd for C11H13
79BrN2NaO4 [M+Na]
+: 338.9951, found 338.9953 
Mp: 94-96°C 
 
Methyl (2-bromo-5-methylphenyl)(isopropyl)carbamate (2.24p):  
Obtained according to the General procedure A and General procedure D, as white solid 
(52% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.44 (s, 1H), 7.11-7.02 (m, 2H), 
4.58-4.44 (m, 1H), 3.60 (s, 2H), 2.33 (s, 3H), 1.28 (d, J = 6.8 Hz, 3H), 1.01 
(d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.4, 139.2, 135.6, 133.9, 130.3, 
128.6, 125.5, 52.8, 50.2, 22.6, 20.8, 19.7 
IR (neat): ν (cm-1) 2975, 2955, 1697, 1441, 1320, 1095, 822, 768 
HRMS (ESI): Calcd for C12H16
79BrNNaO2 [M+Na]
+: 308.0257, found 308.0257 
Mp: 46-48°C 
 
Methyl (2-bromo-5-methoxyphenyl)(isopropyl)carbamate (2.24q):  
Obtained according to the General procedure A and General procedure D, as a white solid 
(83% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.52-7.46 (m, 1H), 6.78-6.72 (m, 
2H), 4.59-4.41 (m, 1H), 3.79 (s, 3H), 3.63 (s, 3H), 1.32 (d, J = 6.8 Hz, 
3H), 1.04 (d, J = 6.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 159.2, 155.3, 139.2, 133.5, 116.4, 
116.4, 114.3, 55.7, 52.9, 50.4, 22.7, 19.7 




HRMS (ESI): Calcd for C12H16
79BrNNaO3 [M+Na]
+: 324.0206, found 324.0205 
Mp: 55-57°C 
 
Methyl (2-bromo-6-fluorophenyl)(isopropyl)carbamate (2.24r):  
Obtained according to the General procedure B and General procedure D, as a white solid 
(23% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.41 (d, J = 7.9 Hz, 1H), 7.20-7.05 (m, 
2H), 4.37-4.15 (m, 1H), 3.60 (s, 3H), 1.32 (dd, J = 6.7, 1.8 Hz, 3H), 1.15 (d, 
J = 6.7 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 160.0 (d, J = 251.4 Hz), 155.0, 129.6 
(d, J = 8.8 Hz), 128.7 (d, J = 3.5 Hz), 127.0, 115.6 (d, J = 22.0 Hz), 53.0, 
51.9, 21.4, 20.2 
19F NMR (376 MHz, CDCl3): δ (ppm) -112.56 to -112.71 (m)
 
IR (neat): ν (cm-1) 2977, 2951, 1707, 1440, 1089, 866, 768 
HRMS (ESI): Calcd for C12H13
79BrN2NaO2 [M+Na]
+: 312.0006, found 312.0007 
Mp: 48-49°C 
 
Methyl (2-bromo-4,6-dimethylphenyl)(isopropyl)carbamate (2.24s):  
Obtained according to the General procedure B and General procedure D, as a colorless 
viscous oil (39% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.28-7.26 (m, 1H), 6.99-6.98 (m, 
1H), 4.10 (hept, J = 6.7 Hz, 1H), 3.60 (s, 3H), 2.29 (s, 3H), 2.23 (s, 3H), 
1.32 (d, J = 6.7 Hz, 3H), 1.16 (d, J = 6.7 Hz, 4H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.6, 139.0, 138.7, 136.6, 131.3, 
130.7, 125.6, 52.8, 51.6, 22.0, 20.9, 20.8, 19.7 
IR (neat): ν (cm-1) 2972, 2950, 1706, 1439, 1339, 1316, 1087 
HRMS (ESI): Calcd for C13H18
79BrNNaO2 [M+Na]






Methyl (2-bromopyridin-3-yl)(isopropyl)carbamate (1t):  
Obtained according to the General procedure B and General procedure D, as a colorless 
viscous oil (64% yield over two steps). 
Mixture or rotamers: 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.25 (dd, J = 4.7, 1.8 Hz, 2/3 H), 8.22 
(dd, J = 4.7, 1.8 Hz, 1/3 H), 7.48-7.41 (m, 2H), 7.22 (dd, J = 7.8, 4.7 H, dd, J 
= 7.8, 4.7 Hz superimposed, 1H), 4.55-4.35 (m, 2H), 3.53 (s, 4H), 1.21 (d, J 
= 6.8 Hz, 1H), 1.18 (d, J = 6.7 Hz, 2H), 0.97 (d, J = 6.8 Hz, 3H, d, J = 6.8 
Hz superimposed, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.8, 152.3, 148.3, 148.0, 145.8, 139.2, 138.5, 136.0, 
133.6, 122.9, 122.7, 52.8, 50.4, 50.3, 22.5, 22.3, 19.7 
IR (neat): ν (cm-1) 2978, 2951, 1703, 1401, 1316, 1097, 1077, 768 
HRMS (ESI): Calcd for C10H13
79BrN2NaO2 [M+Na]
+: 295.0053, found 295.0052 
 
Methyl (2-bromo-5-(dimethylamino)phenyl)(isopropyl)carbamate (2.24u):  
2.24o (1.0 g, 3.2 mmol) was dissolved in MeCN (70 mL), then ZnBr (3.6 g, 16.0 mmol, 5 equiv) 
and a 37 % aqueous formaldehyde solution (12 mL) were added. After the addition of 10 % 
Pd/C (341 mg, 0.32 mmol, 10 mol%), the solution was purged with hydrogen and stirred under 
hydrogen atmosphere (1 bar) for 24 h. Then the reaction was filtered through a short pad of 
celite and concentrated under reduced pressure. The residue was purified by flash column 
chromatography using an EtOAc-pentane mixture to give 2.24u as a white solid (520 mg, 1.65 
mmol, 52 %). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.40 (d, J = 8.8 Hz, 1H), 6.56-6.47 
(m, 2H), 4.57-4.45 (m, 1H), 3.64 (s, 3H), 2.94 (s, 6H), 1.33 (d, J = 6.7 
Hz, 3H), 1.05 (d, J = 6.7 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.6, 150.2, 138.6, 133.2, 114.5, 
112.9, 111.4, 52.9, 50.3, 40.5, 22.9, 19.7 
IR (neat): ν (cm-1) 2978, 2923, 1705, 1690, 1440, 1317, 1098 
HRMS (ESI): Calcd for C12H16
79BrNNaO2 [M+Na]






Methyl 2-((2-bromophenyl)(methoxycarbonyl)amino)-2-methylpropanoate (2.24v):  
Obtained according to the General procedure C and General procedure D, as a white solid 
(40% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.65-7.58 (m, 1H), 7.56-7.51 (m, 
1H), 7.35-7.29 (m, 1H), 7.21-7.14 (m, 1H), 3.78 (s, 3H), 3.56 (s, 3H), 1.77 
(s, 3H), 1.14 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 175.5, 155.2, 138.9, 133.2, 132.1, 
129.5, 127.9, 126.0, 62.9, 53.2, 52.7, 26.0, 24.9 
IR (neat): ν (cm-1) 2960, 2930, 1733, 1703, 1337, 1267, 1151, 1088, 756 
HRMS (ESI): Calcd for C13H16
79BrNNaO4 [M+Na]
+: 352.0155, found 352,0160 
Mp: 71-73°C 
 
Ethyl 2-((2-bromophenyl)(methoxycarbonyl)amino)-2-methylpropanoate (2.24w):  
Obtained according to the General procedure C and General procedure D, as a colorless oil 
(19% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.59 (dd, J = 8.9, 1.4 Hz, 1H), 7.52 
(dd, J = 7.9, 1.6 Hz, 1H), 7.29 (td, J = 7.7, 1.4 Hz, 1H), 7.18-7.12 (m, 1H), 
4.22 (q, J = 7.2 Hz, 2H), 3.53 (s, 3H), 1.75 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H), 
1.12 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 174.7, 155.1, 138.9, 133.1, 131.9, 
129.3, 127.8, 125.9, 62.8, 61.3, 53.0, 25.9, 24.7, 14.2 
IR (neat): ν (cm-1) 2982, 2956, 1735, 1711, 1337, 1147, 1092, 729 
HRMS (ESI): Calcd for C14H18
79BrNNaO4 [M+Na]
+: 366.0311, found 366.0312 
 
Methyl 2-(((benzyloxy)carbonyl)(2-bromophenyl)amino)-2-methylpropanoate (2.24x):  
Obtained according to the General procedure C and General procedure D, as a colorless oil 
(26% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.64 (dd, J = 8.0, 1.5 Hz, 1H), 7.56 
(dd, J = 8.0, 1.5 Hz, 1H), 7.39-7.29 (m, 2H), 7.25-7.16 (m, 5H), 7.13-7.08 
(m, 2H), 5.06 (s, 2H), 3.77 (s, 3H), 1.82 (s, 3H), 1.17 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 175.5, 154.6, 138.9, 136.7, 133.3, 
132.1, 129.5, 128.3, 127.9, 127.7, 127.2, 126.1, 67.2, 63.0, 52.7, 26.0, 24.9 




HRMS (ESI): Calcd for C19H20
79BrNNaO4 [M+Na]




Obtained according to the General procedure C and General procedure D, as a white solid 
(25% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.47 (d, J = 8.2 Hz, 1H), 7.33 
(s, 1H), 6.99 (dd, J = 8.2, 1.4 Hz, 1H), 3.79 (s, 3H), 3.58 (s, 3H), 2.31 
(s, 3H), 1.77 (s, 3H), 1.15 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 175.6, 155.3, 138.4, 138.1, 
132.8, 132.5, 130.4, 122.4, 62.9, 53.2, 52.7, 26.1, 24.9, 20.9 
IR (neat): ν (cm-1) 2994, 2954, 1742, 1707, 1333, 1142, 1096 
HRMS (ESI): Calcd for C14H18
79BrNNaO4 [M+Na]





Obtained according to the General procedure C and General procedure D, as a white solid 
(36% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.54 (dd, J = 8.8, 5.7 Hz, 1H), 
7.35 (dd, J = 7.5, 2.0 Hz, 1H), 7.06-7.00 (m, 1H), 3.79 (s, 3H), 3.58 (s, 
3H), 1.78 (s, 3H), 1.13 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 175.4, 161.5 (d, J = 252.3 Hz), 
155.3, 135.3 (d, J = 3.5 Hz), 132.8 (d, J = 8.9 Hz), 126.4 (d, J = 10.1 
Hz), 120.3 (d, J = 25.2 Hz), 115.1 (d, J = 21.9 Hz), 63.0, 53.2, 52.7, 26.1, 24.9 
19F NMR (376 MHz, CDCl3): δ (ppm) -111.33 (s)
 
IR (neat): ν (cm-1) 2996, 2954, 1736, 1703, 1335, 1094 
HRMS (ESI): Calcd for C13H15
79BrFNNaO4 [M+Na]








Obtained according to the General procedure C and General procedure D, as a white solid 
(36% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.44 (s, 1H), 7.39 (d, J = 8.0 
Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 3.78 (s, 3H), 3.58 (s, 3H), 2.34 (s, 
3H), 1.76 (s, 3H), 1.15 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 175.6, 155.4, 139.8, 136.1, 
133.7, 131.5, 128.7, 125.5, 62.9, 53.2, 52.6, 26.0, 24.8, 20.9 
IR (neat): ν (cm-1) 2996, 2954, 1740, 1708, 1336, 1094 
HRMS (ESI): Calcd for C14H18
79BrNNaO4 [M+Na]





Obtained according to the General procedure C and General procedure D, as a white solid 
(29% yield over two steps). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.49 (d, J = 8.9 Hz, 1H), 7.13 
(d, J = 3.0 Hz, 1H), 6.78 (dd, J = 8.9, 3.0 Hz, 1H), 3.80 (s, 7H), 3.60 
(s, 3H), 1.80 (s, 3H), 1.18 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.6, 159.2, 155.3, 139.6, 
133.2, 117.6, 116.5, 115.5, 77.4, 77.2, 76.9, 63.0, 55.7, 53.2, 52.7, 
26.0, 24.9 
IR (neat): ν (cm-1) 3087, 3002, 2953, 2845, 1746, 1699, 1443, 1343, 1265, 1143, 1087, 772 
HRMS (ESI): Calcd for C14H18
79BrNNaO5 [M+Na]







Methyl (2-bromophenyl)(sec-butyl)carbamate (2.24ac): 
Obtained according to the General procedure A and General procedure D, as a colorless oil 
(77% yield over two steps). Spectroscopic data are consistent with those previously reported.145 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.63 (dd, J = 7.9, 3.7 Hz, 1H), 7.35-
7.28 (m, 1H), 7.23-7.12 (m, 2H), 4.44-4.02 (m, 1H), 3.63 (s, 3H), 1.86-1.71 
(m, 1H), 1.61-1.47 (m, 1H), 1.34 (d, J = 6.7 Hz, 1H), 1.04-0.96 (m, 4H), 0.89 
(t, J = 7.4 Hz, 1H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.6, 155.1, 139.5, 138.3, 133.4, 
130.4, 128.8, 128.7, 127.9, 126.1, 125.6, 57.4, 55.8, 52.8, 52.7, 29.7, 26.8, 19.2, 16.7, 11.6, 
11.1 
 
Methyl (2-bromophenyl)(cyclobutyl)carbamate (2.24ae):  
Obtained according to the General procedure B and General procedure D, as a white solid 
(66% yield over two steps). Spectroscopic data are consistent with those previously reported.179 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.65 (dd, J = 7.9, 1.6 Hz, 1H), 7.35 (td, 
J = 7.6, 1.6 Hz, 1H), 7.20 (td, J = 7.9, 1.6 Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H), 
4.83-4.71 (m, 1H), 3.61 (s, 3H), 2.24-2.09 (m, 2H), 1.90 (quint, J = 10.0 Hz, 
1H), 1.84-1.70 (m, 1H), 1.65-1.44 (m, 2H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.4, 138.2, 133.4, 131.6, 129.2, 
128.1, 125.9, 53.0, 52.6, 29.5, 28.5, 15.2 
 
Methyl (2-bromo-4-fluorophenyl)(cyclobutyl)carbamate (2.24af):  
Obtained according to the General procedure B and General procedure D, as a pale viscous 
oil (62% yield over two steps). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.35 (dd, J = 7.8, 2.9 Hz, 1H), 7.16-
7.07 (m, 1H), 7.03 (ddd, J = 8.7, 7.8, 2.9 Hz, 1H), 4.81-4.66 (m, 1H), 3.57 
(s, 3H), 2.21-2.05 (m, 2H), 1.84 (quint, J = 10.0 Hz, 1H), 1.78-1.66 (m, 1H), 
1.61-1.43 (m, 2H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 161.3 (d, J = 251.7 Hz), 155.2, 
134.4, 132.2 (d, J = 8.1 Hz), 126.2 (d, J = 9.6 Hz), 120.5 (d, J = 25.3 Hz), 115.0 (d, J = 22.0 
Hz), 52.9, 52.4, 29.3, 28.4, 15.0 
19F NMR (376 MHz, CDCl3): δ (ppm) -111.87 to -111.95 (m)
 




HRMS (ESI): Calcd for C12H13
79BrFNNaO2 [M+Na]






General procedure E: Representative procedure for the racemic synthesis of indolines 
 
2.24 (0.2 mmol) was weight in a reaction tube which was transferred in glovebox. Then 
Pd(OAc)2 (2.3 mg, 0.01 mmol, 5 mol%), PCy3·HBF4 (7.4 mg, 0.02 mmol, 10 mol%), pivalic 
acid (6.1 mg, 0.06 mmol, 30 mol%) and cesium carbonate (98 mg, 0.3 mmol, 1.5 equiv) were 
added. The tube was sealed with a rubber septum, taken out of the glovebox and degassed dry 
xylenes (2 mL) was added under argon. The rubber septum was replaced with a Teflon screw 
cap and the reaction mixture was introduced in an oil bath or an aluminum block preheated at 
140°C under stirring. After 14-24h, the reaction mixture was cooled down to room temperature 
and was directly purified by flash column chromatography on silica gel using EtOAc–pentane 
mixture as eluent to afford the desired racemic indoline 2.25. 
General procedure F: Representative procedure for the asymmetric C(sp3)–H arylation 
 
2.24 (0.2 mmol) was weight into a 25 mL J-Young tube which was transferred in glovebox. 
Then Pd(PCy3)2 (6.7 mg, 0.01 mmol, 5 mol%), 2.16h (15.4 mg, 0.02 mmol, 10 mol%), cesium 
carbonate (195 mg, 0.6 mmol, 3 equiv) and 4Å molecular sieves powder (50 mg) were added. 
The tube was sealed and taken out of the glovebox, afterward dry DME (2 mL) was added under 
argon. The reaction mixture was degassed by three freeze-pump-thaw cycles and then 
introduced in a 120°C preheated oil bath under stirring. After required time, the reaction mixture 
was cooled to room temperature and diluted with ethyl acetate followed by filtration through a 
short pad of celite. The filtrate was concentrated under reduced pressure and purified by flash 
column chromatography on silica gel using EtOAc–pentane mixture as eluent to afford the 





Methyl (S)-2-methylindoline-1-carboxylate (2.25a):  
Small scale synthesis:  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/24 h) and purified by chromatography to give 2.25a as a slight yellow oil (32.7 mg, 0.171 
mmol, 86% yield). 
Gram scale synthesis: 
2.24 (1.36 g, 5 mmol) was weight into a 100 mL J-Young tube which was transferred in 
glovebox. Then Pd(PCy3)2 (385 mg, 0.25 mmol, 5 mol%), 2.16h (385 mg, 0.5 mmol, 10 mol%), 
cesium carbonate (4.9 g, 15 mmol, 3 equiv) and 4Å molecular sieves powder (1.25 g) were 
added. The tube was sealed and taken out of the glovebox, afterward dry DME (40 mL) was 
added under argon. The reaction mixture was degassed by three freeze-pump-thaw cycles and 
then introduced in a 120°C preheated oil bath under stirring. After 24h, the reaction mixture 
was cooled to room temperature and diluted with ethyl acetate followed by filtration through a 
short pad of Celite. The filtrate was concentrated under reduced pressure and purified by flash 
column chromatography (silica gel, pentane/EtOAc 30:1 as eluent) affording 2.25a (825 mg, 
4.32 mmol, 86%) as a slight yellow oil. Spectroscopic data are consistent with those previously 
reported.142 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.80 (bs, 1H), 7.22-7.12 (m, 2H), 6.96 
(td, J = 7.4, 1.0 Hz, 1H), 4.62-4.48 (m, 1H), 3.85 (s, 3H), 3.36 (dd, J = 15.9, 
9.6 Hz, 1H), 2.63 (dd, J = 15.9, 2.1 Hz, 1H), 1.30 (d, J = 6.4 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.7, 141.5, 130.1, 127.5, 125.1, 
122.8, 115.4, 55.4, 52.5, 35.9, 21.2 
IR (neat): ν (cm-1) 2953, 2926, 1703, 1485, 1389, 753 
HRMS (ESI): Calcd for C11H13NNaO2 [M+Na]
+: 214.0844, found 214,0837 
[α]D
20: +40.8° (c = 1.46, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 243 nm, tR 





Ethyl (S)-2-methylindoline-1-carboxylate (2.25b):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/16 h) and purified by chromatography to give 2.25b as a colorless oil (34.1 mg, 0.166 mmol, 
83% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.81 (bs, 1H), 7.23-7.12 (m, 2H), 6.96 
(td, J = 7.4, 1.0 Hz, 1H), 4.64-4.47 (m, 1H), 4.30 (q, J = 7.0 Hz, 2H), 3.37 
(dd, J = 15.9, 9.6 Hz, 2H), 2.63 (dd, J = 15.9, 2.0 Hz, 1H), 1.37 (t, J = 7.0 
Hz, 3H), 1.30 (d, J = 6.3 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.3, 141.6, 130.2, 127.5, 125.1, 
122.7, 115.5, 61.4, 55.4, 35.9, 21.2, 14.8 
IR (neat): ν (cm-1) 2978, 2929, 1698, 1484, 1280, 1053, 748 
HRMS (ESI): Calcd for C12H15NNaO2 [M+Na]
+: 228.1000, found 228,0995 
[α]D
20: +40.1° (c = 0.85, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 243 nm, tR 
(minor) = 8.3 min, tR (major) = 9.4 min, 94:6 e.r. 
 
Benzyl (S)-2-methylindoline-1-carboxylate (2.25c):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/24 h) and purified by chromatography to give 2.25c as a colorless oil (40.1 mg, 0.150 mmol, 
75% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.89 (bs, 1H), 7.51-7.31 (m, 5H), 7.24-
7.13 (m, 2H), 6.98 (t, J = 7.4 Hz, 1H), 5.31 (s, 2H), 4.69-4.51 (m, 1H), 3.38 
(dd, J = 15.9, 9.6 Hz, 1H), 2.65 (dd, J = 15.9, 2.1 Hz, 1H), 1.32 (d, J = 6.3 
Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.0, 141.6, 136.5, 130.1, 128.7, 
128.3, 128.2, 127.6, 125.2, 122.9, 115.6, 67.1, 55.5, 36.0, 21.4  
IR (neat): ν (cm-1) 3033, 2958, 1701, 1484, 1403, 1282, 753 
HRMS (ESI): Calcd for C17H17NNaO2 [M+Na]
+: 290.1157, found 290,1152 
[α]D
20: +25.7° (c = 1.10, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 243 nm, tR 






Isobutyl (S)-2-methylindoline-1-carboxylate (2.25d):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/16 h) and purified by chromatography to give 2.25d as a colorless oil (41.3 mg, 0.177 mmol, 
89% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.82 (bs, 1H), 7.22-7.12 (m, 2H), 6.96 
(td, J = 7.4, 1.0 Hz, 1H), 4.66-4.43 (m, 1H), 4.03 (d, J = 6.2 Hz, 2H), 3.38 
(dd, J = 15.9, 9.6 Hz, 1H), 2.64 (dd, J = 15.9, 1.8 Hz, 1H), 2.13-1.95 (m, 1H), 
1.32 (d, J = 6.4 Hz, 3H), 1.01 (d, J = 6.7 Hz, 6H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.4, 141.7, 130.1, 127.6, 125.1, 
122.7, 115.5, 71.7, 55.4, 36.0, 28.1, 21.4, 19.4 
IR (neat): ν (cm-1) 2960, 2927, 1701, 1485, 1407, 1281, 751 
HRMS (ESI): Calcd for C14H19NNaO2 [M+Na]
+: 256.1313, found 256,1304 
[α]D
20: +32.1° (c = 1.20, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99.5:0.5 (n-heptane/i-PrOH), 0.5 mL.min-1, 243 nm, tR 
(minor) = 13.8 min, tR (major) = 15.2 min, 94.5:5.5 e.r. 
 
(S)-2-methyl-1-(2-methylindolin-1-yl)propan-1-one (2.25e):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/16 h) and purified by chromatography to give 2.25e as a colorless oil (33.3 mg, 0.164 mmol, 
82% yield). Spectroscopic data are consistent with those previously reported.144 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.22 (d, J = 5.0 Hz, 1H), 7.23-7.17 (m, 
3H), 7.02 (td, J = 7.4, 0.9 Hz, 1H), 4.63-4.41 (m, 1H), 3.47-3.32 (m, 1H), 
2.91-2.76 (m, 1H), 2.67 (d, J = 15.3 Hz, 1H), 1.35-1.15 (m, 9H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 175.8, 141.9, 130.5, 127.6, 125.0, 
123.8, 118.3, 55.4, 36.5, 32.9, 22.5, 20.6, 19.5 
IR (neat): ν (cm-1) 2966, 2929, 1651, 1479, 1404, 1270, 759 
HRMS (ESI): Calcd for C13H17NNaO [M+Na]
+: 226.1208, found 226,1202 
[α]D
20: +21.1° (c = 1.30, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 254 nm, tR 






(S)-2-methyl-1-((trifluoromethyl)sulfonyl)indoline (2.25g):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 100 
oC/24 h) and purified by chromatography to give 2.25g as a colorless oil (34 mg, 0.128 mmol, 
64% yield). Spectroscopic data are consistent with those previously reported.147 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.46 (d, J = 8.1 Hz, 1H), 7.27-7.19 (m, 
2H), 7.17-7.11 (m, 1H), 4.81-4.64 (m, 1H), 3.52 (dd, J = 15.9, 9.2 Hz, 1H), 
2.73 (dd, J = 15.9, 1.8 Hz, 1H), 1.44 (d, J = 6.5 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 138.6, 130.8, 128.2, 126.0, 125.7, 
120.3 (q, J = 325.6 Hz), 115.8, 61.0, 36.4, 22.9 
19F NMR (376 MHz, CDCl3): δ (ppm) -73.97 (bs)
 
IR (neat): ν (cm-1) 2926, 2857, 1395, 1223, 1189, 1145, 610 
HRMS (ESI): Calcd for C10H10F3NNaO2S [M+Na]
+: 288.0282, found 288,0277 
[α]D
20: +16.1° (c = 1.35, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99.5:0.5 (n-heptane/i-PrOH), 0.5 mL.min-1, 229 nm, tR 
(major) = 11.4 min, tR (minor) = 12.0 min, 74:26 e.r. 
 
Methyl (S)-5-fluoro-2-methylindoline-1-carboxylate (2.25h):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/18 h) and purified by chromatography to give 2.25h as a colorless oil (35.3 mg, 0.169 mmol, 
84% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.75 (bs, 1H), 6.90-6.81 (m, 2H), 
4.62-4.48 (s, 1H), 3.83 (s, 3H), 3.35 (ddd, J = 16.2, 9.6, 1.1 Hz, 1H), 2.60 
(dd, J = 16.2, 1.8 Hz, 1H), 1.29 (d, J = 6.4 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 159.1 (d, J = 240.5 Hz), 153.6, 
137.4, 132.0, 116.1 (d, J = 8.2 Hz), 113.8 (d, J = 22.9 Hz), 112.4 (d, J = 
24.0 Hz), 55.8, 52.6, 36.0, 21.3  
19F NMR (376 MHz, CDCl3): δ (ppm) -121.21 (s) 
IR (neat): ν (cm-1) 2955, 2855, 1702, 1486, 1389 
HRMS (ESI): Calcd for C11H12FNNaO2 [M+Na]
+: 232.0750, found 232,0741 
[α]D
20: +47.3° (c = 1.50, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 240 nm, tR 





Methyl (S)-5-chloro-2-methylindoline-1-carboxylate (2.25i):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/32 h) and purified by chromatography to give 2.25i as a colorless oil (22.3 mg, 0.099 mmol, 
49% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.73 (bs, 1H), 7.16-7.09 (m, 2H), 
4.65-4.47 (m, 1H), 3.84 (s, 3H), 3.34 (dd, J = 16.2, 9.6 Hz, 1H), 2.61 (dd, 
J = 16.2, 2.0 Hz, 1H), 1.28 (d, J = 6.3 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.6, 140.3, 132.1, 127.7, 127.5, 
125.3, 116.3, 55.8, 52.7, 35.8, 21.2 
IR (neat): ν (cm-1) 2955, 2927, 1704, 1480, 1383, 763 
HRMS (ESI): Calcd for C11H12
35ClNNaO2 [M+Na]
+: 248.0454, found 248,0447 
[α]D
20: +39.4° (c = 0.95, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 249 nm, tR (minor) 
= 11.0 min, tR (major) = 13.4 min, 92:8 e.r. 
 
Methyl (S)-2,5-dimethylindoline-1-carboxylate (2.25j):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/32 h) and purified by chromatography to give 2.25j as a colorless oil (21.1 mg, 0.103 mmol, 
51% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.70 (bs, 1H), 7.02-6.92 (m, J = 
9.5 Hz, 2H), 4.59-4.46 (m, 1H), 3.83 (s, 3H), 3.33 (dd, J = 15.9, 9.5 Hz, 
1H), 2.59 (dd, J = 15.9, 1.8 Hz, 1H), 2.30 (s, 3H), 1.28 (d, J = 6.3 Hz, 
3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.8, 139.3, 132.4, 130.1, 128.0, 
125.9, 115.2, 55.5, 52.5, 36.0, 29.8, 21.0 
IR (neat): ν (cm-1) 2921, 2853, 1705, 1493, 1386, 1282, 762 
HRMS (ESI): Calcd for C12H15NNaO2 [M+Na]
+: 228.0995, found 228,0991 
[α]D
20: +25.8° (c = 1.10, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 245 nm, tR (minor) 






Dimethyl (S)-2-methylindoline-1,5-dicarboxylate (2.25k):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/36 h) and purified by chromatography to give 2.25k as a slight viscous yellow oil (40.1 mg, 
0.161 mmol, 80% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.89 (d, J = 8.1 Hz, 1H), 7.81 
(s, 1H), 7.76 (bs, 1H), 4.68-4.46 (m, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 
3.36 (ddd, J = 16.1, 9.6, 0.5 Hz, 1H), 2.66 (dd, J = 16.1, 1.7 Hz, 1H), 
1.29 (d, J = 6.4 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 167.0, 153.6, 145.6, 130.3, 
126.6, 124.6, 114.7, 56.2, 52.8, 52.0, 35.5, 21.3 
IR (neat): ν (cm-1) 2953, 2854, 1707, 1384, 1267, 769 
HRMS (ESI): Calcd for C13H15NNaO4 [M+Na]
+: 272.0893, found 272,0894 
[α]D
20: +48.7° (c = 1.00, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 275 nm, tR (minor) 
= 31.2 min, tR (major) = 45.6 min, 94:6 e.r. 
 
Methyl (S)-5-cyano-2-methylindoline-1-carboxylate (2.25l):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 140 
oC/48 h) and purified by chromatography to give 2.25l as a white solid (26 mg, 0.120 mmol, 
60% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.82 (bs, 1H), 7.49 (d, J = 8.4 Hz, 
1H), 7.41 (s, 1H), 4.69-4.44 (m, 1H), 3.87 (s, 3H), 3.37 (dd, J = 16.3, 9.7 
Hz, 1H), 2.68 (dd, J = 16.3, 2.0 Hz, 1H), 1.31 (d, J = 6.4 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.4, 132.9, 131.3, 128.7, 119.6, 
115.7, 105.7, 56.2, 53.1, 35.5, 21.3 
IR (neat): ν (cm-1) 2923, 2852, 2221, 1710, 1383, 1277, 758 
HRMS (ESI): Calcd for C12H12N2NaO2 [M+Na]
+: 239.0791, found 239,0789 
Mp: 88-90 °C 
[α]D
20: +58.6° (c = 1.12, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 269 nm, tR (minor) 






Methyl (S)-6-fluoro-2-methylindoline-1-carboxylate (2.25m):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/18 h) and purified by chromatography to give 2.25m as a colorless oil (40.2 mg, 0.192 mmol, 
96% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.53 (bs, 1H), 7.07-7.02 (m, 1H), 
6.64 (tdd, J = 9.0, 8.2, 1.7 Hz, 1H), 4.64-4.50 (m, 1H), 3.84 (s, 3H), 3.30 
(dd, J = 15.7, 9.6 Hz, 1H), 2.59 (d, J = 15.7 Hz, 1H), 1.29 (d, J = 6.3 Hz, 
3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 162.7 (d, J = 241.4 Hz), 153.4, 
142.7, 125.4 (d, J = 9.5 Hz), 109.0 (d, J = 22.8 Hz), 103.6 (d, J = 28.9 Hz), 56.4, 52.6, 35.2, 
21.1 
19F NMR (376 MHz, CDCl3): δ (ppm) δ -112.64 (s) 
IR (neat): ν (cm-1) 2954, 2860, 1707, 1494, 1444, 1388, 1295 
HRMS (ESI): Calcd for C11H12FNNaO2 [M+Na]
+: 232.0744, found 232,0743 
[α]D
20: +31.1° (c = 1.17, CHCl3) 
HPLC separation: Chiralcel® OD-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 241 nm, tR 
(major) = 6.20 min, tR (minor) = 6.80 min, 98:2 e.r. 
 
Methyl (S)-2-methyl-6-(trifluoromethyl)indoline-1-carboxylate (2.25n):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/18 h) and purified by chromatography to give 2.25n as a white solid (47.6 mg, 0.184 mmol, 
92% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.09 (bs, 1H), 7.23 (bs, 2H), 4.68-
4.52 (m, 1H), 3.87 (s, 3H), 3.40 (dd, J = 16.7, 9.7 Hz, 1H), 2.69 (d, J = 
16.7 Hz, 1H), 1.31 (d, J = 6.4 Hz, 3H)  
13C NMR (101 MHz, CDCl3): δ (ppm) 153.6, 130.2 (q, J = 31.3 Hz), 
125.3, 124.4 (q, J = 272.2 Hz), 119.9 (q, J = 4.0 Hz), 112.4 (q, J = 4.0 
Hz), 55.9, 52.9, 35.9, 21.2 
19F NMR (376 MHz, CDCl3): δ (ppm) -62.17 (s) 
IR (neat): ν (cm-1) 2959, 2922, 1706, 1290, 819 
HRMS (ESI): Calcd for C12H12F3NNaO2 [M+Na]
+: 282.0712, found 282,0711 
Mp: 62-64 °C 
[α]D




HPLC separation: Chiralcel® OD-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 246 nm, tR 
(major) = 5.5 min, tR (minor) = 6.0 min, 97.5:2.5 e.r. 
 
Methyl (S)-2,6-dimethylindoline-1-carboxylate (2.25p):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/20 h) and purified by chromatography to give 2.25p as a white solid (38.7 mg, 0.189 mmol, 
94% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.68 (bs, 1H), 7.03 (d, J = 7.5 Hz, 
2H), 6.79 (dd, J = 7.5, 0.6 Hz, 2H), 4.60-4.48 (m, 1H), 3.84 (s, 3H), 3.31 
(dd, J = 15.7, 9.5 Hz, 1H), 2.58 (dd, J = 15.8, 1.2 Hz, 1H), 2.34 (s, 3H), 
1.28 (d, J = 6.3 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.8, 141.6, 137.5, 127.2, 124.8, 
123.5, 116.2, 55.8, 52.5, 35.7, 21.8, 21.3 
IR (neat): ν (cm-1) 2925, 2855, 1698, 1373, 1277, 1134, 803, 759 
HRMS (ESI): Calcd for C12H15NNaO2 [M+Na]
+: 228.0995, found 228,0993 
Mp: 84-86 °C 
[α]D
20: +33.8° (c = 1.16, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 224 nm, tR (minor) 
= 8.3 min, tR (major) = 10.3 min, 96:4 e.r. 
 
Methyl (S)-6-methoxy-2-methylindoline-1-carboxylate (2.25q):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/20 h) and purified by chromatography to give 2.25q as a colorless oil (36.7 mg, 0.166 mmol, 
83% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.50 (bs, 1H), 7.02 (d, J = 8.2 Hz, 
1H), 6.52 (dd, J = 8.2, 2.4 Hz, 1H), 4.46-4.62 (m, 1H), 3.84 (s, 3H), 3.80 
(s, 3H), 3.28 (ddd, J = 15.5, 9.5, 1.1 Hz, 1H), 2.55 (dd, J = 15.5, 2.1 Hz, 
1H), 1.28 (d, J = 6.3 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 159.7, 153.7, 142.6, 125.3, 121.8, 
109.0, 101.4, 56.4, 55.6, 52.6, 35.3, 21.3 
IR (neat): ν (cm-1) 2953, 2857, 1704, 1386, 1296, 764 
HRMS (ESI): Calcd for C12H15NNaO3 [M+Na]
+: 244.0944, found 244,0945 
[α]D




HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 244 nm, tR (minor) 
= 11.6 min, tR (major) = 13.0 min, 96:4 e.r. 
 
Methyl (S)-7-fluoro-2-methylindoline-1-carboxylate (2.25r):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/18 h) and purified by chromatography to give 2.25r as a slight yellow oil (33.1 mg, 0.158 
mmol, 79% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.02-6.90 (m, 3H), 4.67 (dqd, J = 8.5, 
6.6, 1.4 Hz, 1H), 3.82 (s, 3H), 3.42 (dd, J = 15.8, 8.5 Hz, 1H), 2.52 (d, J = 
15.8 Hz, 1H), 1.26 (d, J = 6.6 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.1, 151.9 (d, J = 252.1 Hz), 135.6 
(d, J = 2.8 Hz), 127.9 (d, J = 9.9 Hz), 125.1 (d, J = 7.0 Hz), 120.8 (d, J = 3.3 
Hz), 116.0 (d, J = 21.2 Hz), 57.9, 53.1, 36.7 (d, J = 1.7 Hz), 21.2 
19F NMR (376 MHz, CDCl3): δ (ppm) -117.60 to -117.71 (m) 
IR (neat): ν (cm-1) 2955, 2926, 1704, 1484, 1381, 762 
HRMS (ESI): Calcd for C11H12FNNaO2 [M+Na]
+: 232.0744, found 232,0744 
[α]D
20: +64.5° (c = 1.14, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 242 nm, tR 
(minor) = 14.6 min, tR (major) = 15.5 min, 95.5:4.5 e.r. 
 
Methyl (S)-2,5,7-trimethylindoline-1-carboxylate (2.25s):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/18 h) and purified by chromatography to give 2.25s as a slight yellow oil (41.1 mg, 0.187 
mmol, 94% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 6.85 (s, 2H), 4.70 (dqd, J = 7.6, 
6.6, 0.9 Hz, 1H), 3.78 (s, 3H), 3.35 (dd, J = 15.5, 8.4 Hz, 1H), 2.38 (d, J 
= 15.5 Hz, 1H), 2.28 (s, 3H), 2.25 (s, 3H), 1.21 (d, J = 6.6 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 155.0, 137.6, 134.2, 133.2, 130.6, 
127.9, 123.2, 58.1, 52.6, 36.7, 21.2, 21.0, 20.1  
IR (neat): ν (cm-1) 2953, 2922, 1710, 1439, 1366, 1262 
HRMS (ESI): Calcd for C13H17NNaO2 [M+Na]
+: 242,1151, found 242,1155 
[α]D




HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 243 nm, tR 
(minor) = 11.3 min, tR (major) = 17.1 min, 84:16 e.r. 
 
Methyl (S)-2-methyl-2,3-dihydro-1H-pyrrolo[3,2-b]pyridine-1-carboxylate (2.25t):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/24 h) and purified by chromatography to give 2.25t as a slight yellow oil (25.8 mg, 0.134 
mmol, 67% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.11 (dd, J = 5.0, 1.4 Hz, 1H), 7.98 (bs, 
1H), 7.06 (dd, J = 7.9, 5.0 Hz, 1H), 4.64-4.47 (m, 1H), 3.85 (s, 3H), 3.48 (ddd, 
J = 17.0, 9.8, 0.8 Hz, 1H), 2.77 (dd, J = 17.0, 2.7 Hz, 1H), 1.34 (d, J = 6.4 
Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.9, 152.6, 143.6, 136.3, 122.1, 
121.7, 54.1, 52.8, 38.2, 21.6 
IR (neat): ν (cm-1) 2957, 2928, 1706, 1445, 1293, 764 
HRMS (ESI): Calcd for C10H13N2O2 [M+H]
+: 193.0977, found 193.0972 
[α]D
20: +9.9° (c = 0.80, CHCl3) 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 242 nm, tR 
(major) = 20.0 min, tR (minor) = 22.5 min, 94:6 e.r. 
 
Methyl (S)-6-(dimethylamino)-2-methylindoline-1-carboxylate (2.25u):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/18 h) and purified by chromatography to give 2.25u as a colorless oil (35.3 mg, 0.151 mmol, 
75% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.40 (bs, 1H), 7.00 (d, J = 8.2 
Hz, 1H), 6.38 (dd, J = 8.2, 2.4 Hz, 1H), 4.61-4.44 (m, 1H), 3.83 (s, 3H), 
3.27 (ddd, J = 15.2, 9.4, 0.8 Hz, 1H), 2.94 (s, 6H), 2.53 (dd, J = 15.2, 
1.9 Hz, 1H), 1.28 (d, J = 6.3 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.8, 151.0, 125.2, 107.6, 
100.9, 56.2, 52.4, 41.3, 35.2, 21.4 
IR (neat): ν (cm-1) 2854, 2796, 1704, 1508, 1387, 1055, 763 
HRMS (ESI): Calcd for C13H18N2NaO2 [M+H]
+: 235.1441, found 235.1440 
[α]D




HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 312 nm, tR 
(minor) = 15.2 min, tR (major) = 19.1 min, 94.5:5.5 e.r. 
 
Dimethyl (S)-2-methylindoline-1,2-dicarboxylate (2.25v):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/20 h) and purified by chromatography to give 2.25v as a colorless oil (41.5 mg, 0.166 mmol, 
83% yield). 
Mixture of two rotamers, description of the major: 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.93 (bs, 1H), 7.17-7.27 (m, 1H), 
7.18-7.08 (m, 2H), 6.99 (t, J = 7.4 Hz, 1H), 3.99-3.67 (m, 6H), 3.46 (d, J 
= 16.1 Hz, 1H), 3.04 (d, J = 16.1 Hz, 1H), 1.69 (d, J = 1.8 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.8, 152.9, 142.1, 128.1, 123.2, 
115.2, 67.7, 52.7, 42.9, 23.7 
IR (neat): ν (cm-1) 2952, 2855, 1745, 1703, 1486, 1370, 764 
HRMS (ESI): Calcd for C13H15NNaO4 [M+Na]
+: 272.0893, found 272,0891 
[α]D
20: -10.0° (c = 0.90, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 241 nm, tR (major) 
= 22.4 min, tR (minor) = 26.9 min, 92:8 e.r. 
 
2-ethyl 1-methyl (S)-2-methylindoline-1,2-dicarboxylate (2.25w):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/24 h) and purified by chromatography to give 2.25w as a colorless oil (37.6 mg, 0.143 mmol, 
71% yield). 
Mixture of two rotamers, description of the major: 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.93 (bs, 1H), 7.28-7.17 (m, 1H), 
7.12 (d, J = 7.3 Hz, 1H), 7.00 (t, J = 7.3 Hz, 1H), 4.34-4.09 (m, 2H), 3.77 
(s, 3H), 3.45 (d, J = 16.1 Hz, 1H), 3.03 (d, J = 16.1 Hz, 1H), 1.68 (s, 3H), 
1.24 (t, J = 7.1 Hz, 7H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.3, 142.3, 128.1, 127.3, 124.6, 123.2, 115.3, 67.8, 
61.6, 52.5, 43.0, 23.5, 14.3 
IR (neat): ν (cm-1) 2982, 2855, 1738, 1704, 1371, 1240, 754 
HRMS (ESI): Calcd for C14H17NNaO4 [M+Na]
+: 286.1050, found 286,1051 
[α]D




HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 241 nm, tR 
(major) = 23.9 min, tR (minor) = 27.4 min, 85:15 e.r. 
 
1-benzyl 2-methyl (S)-2-methylindoline-1,2-dicarboxylate (2.25x):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/17 h) and purified by chromatography to give 2.25x as a colorless oil (30 mg, 0.092 mmol, 
46% yield). 
Mixture of two rotamers, description of the major: 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.98 (d, J = 6.6 Hz, 1H), 7.47-6.95 
(m, 8H), 5.40-5.30 (m, J = 11.1 Hz, 2H), 3.46 (d, J = 16.2 Hz, 1H), 3.42 
(s, 3H), 3.04 (d, J = 16.2 Hz, 1H), 1.70 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.6, 152.2, 142.2, 140.9, 135.8, 
128.7, 128.4, 128.1, 127.1, 124.5, 123.3, 115.4, 67.7, 67.4, 52.5, 43.0, 23.7 
IR (neat): ν (cm-1) 3033, 2949, 1744, 1703, 1397, 753 
HRMS (ESI): Calcd for C19H19NNaO4 [M+Na]
+: 348.1206, found 348,1208 
[α]D
20: -22.6° (c = 1.36, CHCl3) 
HPLC separation: Chiralpak® IA; 97:3 (n-heptane/i-PrOH), 1.0 mL.min-1, 242 nm, tR (major) 
= 18.9 min, tR (minor) = 31.7 min, 80:20 e.r. 
 
Dimethyl (S)-2,6-dimethylindoline-1,2-dicarboxylate (2.25y):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/20 h) and purified by chromatography to give 2.25y as a pale viscous oil (26.5 mg, 0.101 
mmol, 50% yield). 
Mixture of two rotamers, description of the major: 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.78 (bs, 1H), 6.99 (d, J = 7.5 
Hz, 1H), 6.81 (d, J = 7.5 Hz, 1H), 3.93-3.68 (m, 6H), 3.41 (d, J = 15.9 
Hz, 1H), 2.99 (d, J = 15.9 Hz, 1H), 2.35 (s, 3H), 1.68 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.9, 153.0, 142.3, 138.2, 
124.6, 124.2, 123.9, 116.0, 68.0, 52.7, 42.6, 23.6, 21.8 
IR (neat): ν (cm-1) 2954, 2860, 1745, 1701, 1369, 1070, 752 
HRMS (ESI): Calcd for C14H17NNaO4 [M+Na]
+: 286.1050, found 286,1049 
[α]D




HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 243 nm, tR (major) 
= 15.3 min, tR (minor) = 16.3 min, 94:6 e.r. 
 
Dimethyl (S)-5-fluoro-2-methylindoline-1,2-dicarboxylate (2.25z):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/17 h) and purified by chromatography to give 2.25z as a colorless oil (41.2 mg, 0.154 mmol, 
77% yield). 
Mixture of two rotamers, description of the major: 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.86 (bs, 1H), 6.99-6.76 (m, 2H), 
3.90-3.67 (m, 6H), 3.43 (d, J = 16.4 Hz, 1H), 3.01 (d, J = 16.4 Hz, 1H), 
1.68 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.5, 159.2 (d, J = 241.1 Hz), 
153.0, 138.3, 128.8, 115.9, 114.4 (d, J = 22.5 Hz), 112.0, 68.1, 52.8, 42.7, 23.7 
19F NMR (376 MHz, CDCl3): δ (ppm) -120.55 (s) 
IR (neat): ν (cm-1) 2954, 2854, 1745, 1707, 1487, 1372, 1257, 764 
HRMS (ESI): Calcd for C13H14FNNaO4 [M+Na]
+: 290.0799, found 290,0800 
[α]D
20: -5.9° (c = 1.00, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 238 nm, tR (major) 
= 22.5 min, tR (minor) = 25.3 min, 93.5:6.5 e.r. 
 
Dimethyl (S)-2,5-dimethylindoline-1,2-dicarboxylate (2.25aa):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120 
oC/22 h) and purified by chromatography to give 2.25aa as a pale viscous oil (31.1 mg, 0.118 
mmol, 59% yield). 
Mixture of two rotamers, description of the major: 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.79 (bs, 1H), 7.07-6.96 (m, 
1H), 6.93 (s, 1H), 3.90-3.67 (m, 6H), 3.42 (d, J = 16.2 Hz, 1H), 3.00 
(d, J = 16.2 Hz, 1H), 2.29 (s, 3H), 1.68 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.9, 152.9, 139.9, 132.8, 
128.6, 127.2, 125.2, 115.0, 67.7, 52.7, 42.9, 23.6, 20.9 
IR (neat): ν (cm-1) 2953, 2857, 1745, 1705, 1493, 1361, 1073, 763 
HRMS (ESI): Calcd for C14H17NNaO4 [M+Na]
+: 286.1050, found 286,1052 
[α]D




HPLC separation: Chiralpak® IA; 97:3 (n-heptane/i-PrOH), 1.0 mL.min-1, 243 nm, tR (major) 
= 23.3 min, tR (minor) = 33.9 min, 93:7 e.r. 
 
(S)-methyl 2-ethylindoline-1-carboxylate (2.25ac):  
The title compound was prepared according to the General procedure F (0.2 mmol scale, 120-
C/24 h) and purified by chromatography to give 2.25ac as a colorless oil (12.6 mg, 0.061 mmol, 
31% yield). NMR spectroscopic data are consistent with those previously reported.142 2.25ac 
was assigned a (S) absolute configuration by comparison of HPLC data with those previously 
reported.145 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.72 (bs, 1H), 7.19- 7.13 (m, 2H), 6.95 
(td, J = 7.4, 1.0 Hz, 1H), 4.39 (m, 1H), 3.84 (s, 3H), 3.28 (dd, J = 16.1, 9.7 
Hz, 1H), 2.76 (dd, J = 16.1, 2.2 Hz, 1H), 1.78 (m, 1H), 1.67-1.49 (m, 1H), 
0.88 (t, J = 7.5 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.9, 142.0, 130.5, 127.4, 124.9, 
122.8, 115.4, 60.7, 52.5, 32.9, 27.4, 9.1 
[α]D
20: +26.3° (c = 0.96, CHCl3)  
HPLC separation: Chiralpak® AD-H; 99:1 (n-heptane/i-PrOH), 0.5 mL.min-1, 243 nm, tR 
(minor) = 20.6 min, tR (major) = 26.4 min, 73:27 e.r. 
 
Methyl 2,2a-dihydro-1H-cyclobuta[b]indole-3(7bH)-carboxylate (2.25ae):  
The title compound was prepared according to the General procedure F (0.5 mmol scale, 140 
oC/48 h) and purified by chromatography to give 2.25ae as a slight yellow oil (18 mg, 0.089 
mmol, 18% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.93 (d, J = 7.1 Hz, 1H), 7.23 (t, J = 
7.3 Hz, 1H), 7.14 (d, J = 7.4 Hz, 1H), 7.00 (td, J = 7.4, 1.0 Hz, 1H), 4.99-4.75 
(m, 1H), 4.00-3.73 (m, 4H), 2.70-2.46 (m, 2H), 2.32-2.15 (m, 1H), 2.07-1.95 
(m, 1H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 153.2, 143.8, 135.8, 128.0, 124.7, 
123.1, 115.4, 58.5, 52.5, 41.1, 29.4, 26.8 
IR (neat): ν (cm-1) 2947, 2853, 1702, 1386, 1062, 747 
HRMS (ESI): Calcd for C12H13NNaO2 [M+Na]
+: 226.0838, found 226,0838 
[α]D





HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 245 nm, tR (minor) 
= 9.1 min, tR (major) = 10.1 min, 97:3 e.r. 
 
Methyl 6-fluoro-2,2a-dihydro-1H-cyclobuta[b]indole-3(7bH)-carboxylate (2.25af):  
The title compound was prepared according to the General procedure F (0.5 mmol scale, 140 
oC/48 h) and purified by chromatography to give 2.25af as a white solid (25 mg, 0.113 mmol, 
23% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (dd, J = 7.4, 4.1 Hz, 1H), 6.90 
(t, J = 8.6 Hz, 1H), 6.84 (dd, J = 8.1, 2.3 Hz, 1H), 5.01-4.77 (m, 1H), 3.96-
3.69 (m, 4H), 2.67-2.43 (m, 2H), 2.32-2.15 (m, 1H), 2.07-1.94 (m, 1H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 159.3 (d, J = 240.9 Hz), 153.2, 
139.8, 137.6, 116.1, 114.2 (d, J = 22.7 Hz), 111.9 (d, J = 24.0 Hz), 58.9, 
52.6, 41.1, 29.4, 26.7 
19F NMR (376 MHz, CDCl3): δ (ppm) -120.88 (s) 
IR (neat): ν (cm-1) 2994, 2951, 2920, 2851, 1705, 1248, 1071, 853, 751 
HRMS (ESI): Calcd for C12H12FNNaO2 [M+Na]
+: 244.0744, found 244,0745 
Mp: 57-60 °C 
[α]D
20: -29.4° (c = 0.50, CHCl3) 
HPLC separation: Chiralpak® IA; 99.5:0.5 (n-heptane/i-PrOH), 0.5 mL.min-1, 242 nm, tR 









6.2.4. Ferrocene derivatization 
(S)-2-methylindoline-1-Ferrocenoyl (2.32a):  
 
Under argon, TMSI (602 μL, 4.24 mmol, 10 equiv) was added to a solution of 2.25a (81 mg, 
93.5:6.5 e.r., 0.424 mmol, 1.0 equiv) in CHCl3 (10 mL at room temperature. The reaction 
mixture was refluxed overnight, then MeOH (10 mL) was added and the reaction was refluxed 
during 3 h. After this time, the solvent was removed under reduced pressure and ammonia 
hydroxide (10 mL, 28% NH3 in H2O) was added to the residue. Once the phases were separated, 
the aqueous layer was extracted with CH2Cl2 and the combined organic layers were dried over 
Na2SO4. After removing the solvent under reduced pressure, the crude amine 2.31a was 
obtained as a colorless viscous oil, which was directly used in the next step. A round-bottom 
flask equipped with a magnetic stir bar was charged with crude 2.31a and DCM (4 mL) was 
added and the mixture was cooled to 0oC. DMAP (5.2 mg, 0.0424 mmol, 10 mol%) was added, 
followed by DIPEA (210 μL, 1.27 mmol, 3.0 equiv) to give a clear solution. Then ferrocene 
carboxylic acid chloride (0.466 mmol, 116 mg, 1.1 equiv) in DCM (1 mL) was added. The 
reaction was warmed to room temperature and stirred for 1 hour. The reaction mixture was 
concentrated under reduced pressure to give the crude product, which was purified by flash 
column chromatography (silica gel,  pentane/EtOAc 4:1 as eluent)  affording 2.32a (121.3 mg, 
0.35 mmol, 93:7 e.r., 83%, two steps) as an orange solid. Suitable crystals for X-ray diffraction 
analysis were obtained from dichloromethane and pentane as solvent and anti-solvent, 
respectively. 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.78 (bs, 1H), 7.21 (d, J = 7.4 Hz, 1H), 
7.14 (t, J = 6.9 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 4.97-4.86 (m, 1H), 4.83-4.71 
(m, J = 10.2 Hz, 2H), 4.41-4.35 (m, 2H), 4.26 (s, 4H), 3.39 (dd, J = 15.5, 8.6 
Hz, 1H), 2.64 (d, J = 15.5 Hz, 1H), 1.29 (d, J = 6.4 Hz, 3H)  
13C NMR (101 MHz, CDCl3): δ (ppm) 168.6, 142.5, 131.0, 127.2, 125.3, 
123.7, 118.0, 79.4, 72.8, 71.0, 70.4, 70.2, 70.0, 69.7, 56.6, 36.7, 21.7 
IR (neat): ν (cm-1) 2958, 2920, 1632, 1385, 756, 480 
HRMS (ESI): Calcd for C20H19FeNNaO [M+H]
+: 346.0894, found 346.0889 
Mp: 130-133 °C 
[α]D




HPLC separation: Chiralcel® OJ-H; 97:3 (n-heptane/i-PrOH), 1.0 mL.min-1, 272 nm, tR 
(minor) = 15.1 min, tR (major) = 17.1 min, 93:7 e.r. 
 
 
Methyl (S)-2-methylindoline-2-carboxylate-1-ferrocenoyl (2.32v):  
 
Under argon, TMSI (542 μL, 3.8 mmol, 10 equiv) was added to a solution of 2.25u (94 mg, 
0.38 mmol, 90:10 e.r., 1.0 equiv) in CHCl3 (10 mL) at room temperature. The reaction mixture 
was refluxed overnight, then MeOH (10 mL) was added and the reaction was refluxed during 
3 h. After this time, the solvent was removed under reduced pressure and ammonia hydroxide 
(10 mL, 28% NH3 in H2O) was added to the residue. Once the phases were separated, the 
aqueous layer was extracted with CH2Cl2 and the combined organic layers were dried over 
Na2SO4. After removing the solvent under reduced pressure, the crude amine 2.31v was 
obtained as a colorless viscous oil, which was directly used in the next step. To a solution of 
the crude amine 2.31v in dry THF (5 mL) was added LiHMDS (0.45 mmol, 450 μL, 1.0 M in 
THF, 1.2 equiv) dropwise at -78 oC under argon. The mixture was stirred for 10 min at -78 oC, 
then for 20 min at -10 oC. At this time, ferrocene carboxylic acid chloride (0.45 mmol, 112 mg, 
1.2 equiv) was added in one portion and the mixture was stirred at -10 oC for 3 h. The reaction 
was quenched with saturated solution of NH4Cl and extracted three times with ethyl acetate. 
The organic layers were combined and washed with water, brine, dried over Na2SO4, and finally 
concentrated under reduced pressure. The crude product was purified by flash column 




90:10 e.r., 80%, two steps) as an orange solid. Suitable crystals for X-ray diffraction analysis 
were obtained from diethyl ether and pentane as solvent and anti-solvent, respectively. 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.15-7.10 (m, 1H), 6.94-6.85 (m, 
2H), 6.61-6.55 (m, 1H), 4.81 (dt, J = 2.5, 1.3 Hz, 1H), 4.63 (dt, J = 2.5, 1.2 
Hz, 1H), 4.41 (td, J = 2.5, 1.3 Hz, 1H), 4.31 (td, J = 2.5, 1.3 Hz, 1H), 4.26 
(s, 4H), 3.81 (s, 3H), 3.45 (d, J = 15.6 Hz, 1H), 2.93 (d, J = 15.6 Hz, 1H), 
1.73 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 173.5, 169.2, 142.2, 129.7, 126.7, 
125.3, 123.0, 115.6, 79.2, 72.2, 70.6, 70.3, 70.2, 69.8, 69.3, 52.8, 41.9, 21.7 
IR (neat): ν (cm-1) 2924, 2853, 1740, 1318, 747, 482 
HRMS (ESI): Calcd for C22H21FeNNaO3 [M+Na]
+: 426.0763, found 426,0761 
Mp: 61-63 °C 
[α]D
20: -163° (c = 1.00, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 mL.min-1, 210 nm, tR (major) 






6.2.5. Oxidative addition complex 
Oxidative addition complex A: 
In an oven-dry catalysis tube was charged 2.24a-Br (61.2 mg, 0.225 mmol, 1.5 equiv). The 
tube was then transferred in glovebox and Pd(PCy3)2 was added and the tube was closed with 
a septum. Then, outside of the glove box, dry and degassed toluene (3 mL) was added. After 
24h of stirring at room temperature, the solvent was removed under vacuum using a Schlenk 
line. The obtained residual solid was then washed three time with a small amount of cold, dry 
and degassed diethyl ether and dry under high vacuum to obtained oxidative addition complex 
A as a white solid (82.3 mg, 0.088 mmol, 58%). Suitable crystals for X-ray analysis were 
obtained by evaporation of a solution of the obtained solid in diethyl ether. 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.62 (d, J = 7.4 Hz, 1H), 6.83 (d, J 
= 7.1 Hz, 1H), 6.77 (t, J = 7.2 Hz, 1H), 6.70 (brs, 1H), 4.58 (sept, J = 6.8 
Hz, 1H), 3.52 (brs, 3H), 2.24-0.55 (m, 72H) 












6.3. Chapter 3 
6.3.1. Ligands 
For C2 symetrical Herrmann-Kundig type NHCs: 
3.32 was graciously furnished by Pr. E. P. Kündig, 3.29, 3.33-3.36 and 3.38 were prepared as 
reported.212,213 
For C2 symetrical and achiral IBiox-type NHCs: 
All IBiox-type ligands were prepared as reported.215–217 
For Binepine ligand: 
3.26 was previously prepared in our group.156 
For TADDOL phosphoramidite/phosphonite ligands: 
3.27, 3.28 were previously prepared as reported.238,239 
 
1,3-bis((S)-2,2-dimethyl-1-ferrocenylpropyl)-1H-imidazol-3-ium iodide (3.37): 
 
Chiral amine 3.65 was prepared as described.240 A round-bottom 2-neck flask under nitrogen 
atmosphere was charged with an aq. soln. of glyoxal (40%) (0.21 mL, 1.84 mmol, 1 equiv), 
DCM (7 mL) and vigorously stirred with 1.4 g of freshly dehydrated Na2SO4 for 10 minutes. 
After the addition of formic acid (98%) (10 μL, 0.26 mmol, 14mol%) and 3.65 (1.0 g, 3.68 
mmol, 2 equiv) the reaction mixture was allowed to stir for 5 minutes followed by addition of 
another 1.4 g of Na2SO4. After18 h of stirring at room temperature, the reaction mixture was 
filtered through a glass frit and Na2SO4 was washed with DCM. The organic solvents were 
removed with rotary evaporator to yield the crude diimine 3.66. Then a dry 25 mL Schlenk tube 
under nitrogen atmosphere was charged with AgOTf (651 mg, 2.53 mmol, 1.5 equiv), 10 mL 
of DCM and chloromethylpivalate (0.37 mL, 2.53 mmol, 1.5 equiv). The mixture was stirred 
for 45 min. in the absence of light. The resulting suspension was transferred under nitrogen, via 
a cannula equipped with a filter, into a 25 mL dry Schlenk tube preloaded with the 3.66 (1.0 g, 
1.69 mmol, 1 equiv). This mixture was stirred in absence of light at 40 °C for 24 h. After cooling 
to rt, the solvent was evaporated using a rotavap. Flash chromatography (Et2O/CH2Cl2 1:1) 
afforded a brown product. This was taken up in dry acetone (25 mL). NaI (280 mg, 1.86 mmol, 




rotavap. The residue was taken up in a small amount of CHCl3 and filtered through a pad of 
celite. The above procedure (acetone, NaI, etc) was repeated. Two column chromatography 
(DCM/MeOH) afforded 3.37 (217 mg, 0.31 mmol, 18%) as a brown-orange solid. 
Mixture of rotamers, description of the major: 
1H NMR (500 MHz, CDCl3): δ (ppm) 10.81 (s, 1H), 7.69 (s, 
2H), 5.89 (s, 2H), 4.48 (s, 2H), 4.34-4.21 (m, 6H), 4.08 (s, 
10H), 1.03 (s, 18H) 
13C NMR (126 MHz, CDCl3): 137.0, 122.0, 82.9, 71.6, 70.4, 
69.4, 69.4, 67.9, 66.9, 36.9, 27.5 
IR (neat): ν (cm-1) 3089, 2957, 2871, 1747, 1701, 1445, 1367, 1141, 1106, 1002, 827, 770 
HRMS (ESI): Calcd for C33H41Fe2N2 [M]
+: 577.1964, found 577.1971 
Mp: 180 °C (decomposition) 
[α]D





6.3.2. Model Substrates 
Methyl 3-(2-bromophenyl)-2,2-dimethylpropanoate (3.17): 
 
A solution of LDA (8.4 mmol, 1.05 equiv) in THF (17 mL) was prepared from 
diisopropylamine (1.18 mL, 8.4 mmol, 1.05 equiv) and 2.5 M nBuLi in hexane (3.36 mL,8.4 
mmol, 1.05 equiv), stirred at 0°C during 15 min. To the LDA solution, methyl isobutyrate (0.92 
mL, 8 mmol, 1 equiv) was added dropwise at 0 °C and the mixture was stirred at the same 
temperature for 45 min. Then 2-bromobenzyl bromide (2 g, 8 mmol, 1 equiv) in THF (8 mL) 
was added slowly to the solution always at 0 °C. The mixture was stirred for 16 h with the ice 
bath warming to room temperature. Water was then added to the reaction at 0 °C. The mixture 
was extracted three times with Et2O; the combined organic layers were washed with brine. The 
organic layer was dried over MgSO4, filtered, concentrated under a vacuum and purified by 
column chromatography (Cy/AcOEt: 95/5 to 90/10) to yield 3.17 (1.97 g, 7.26 mmol, 91%) as 
a colorless oil. 
1H NMR (500 MHz, CDCl3) δ (ppm) 7.54 (dd, J = 8.0, 1.3 Hz, 1H), 7.20 
(td, J = 7.5, 1.3 Hz, 1H), 7.13 (dd, J = 7.8, 1.8 Hz, 1H), 7.06 (ddd, J = 7.9, 
7.2, 1.8 Hz, 1H), 3.69 (s, 3H), 3.12 (s, 2H), 1.24 (s, 6H) 
13C NMR (126 MHz, CDCl3) δ (ppm) 178.0, 137.9, 133.2, 131.5, 128.2, 
127.2, 126.2, 52.0, 44.4, 44.4, 25.1 
IR (neat): ν (cm-1) 2977, 2950, 1728, 1469, 1192, 1134, 1024, 749 
HRMS (ESI): Calcd for C13H17
79BrNaO3 [M+Na]
+: 323.0253, found 323.0257 




Freshly distillated 3-bromo-2-methylaniline (70 g, 376 mmol) was added to an aqueous 1M 
solution of sulfuric acid (451 mL, 451 mmol) at 0° C under vigorous stirring (formation of a 
white suspension of anilinium). Then a saturated solution of sodium nitrite (31.1 g, 451 mmol) 
in water was added dropwise at -5°C. After stirring at -5° C for 20 min (most of the solid is 




was heated at 100°C for 1 h. The mixture was then diluted with water, extracted with Et2O, 
dried and concentrated to yield a black slurry. The residue was purified by sublimation under 
vacuum (0.1 mbar), and the obtained orange solid was recrystallized with cyclohexane to yield 
3.19 as a white crystalline solid (32 g, 171 mmol, 46 % yield). 
1H NMR (500 MHz, CDCl3) δ (ppm) 7.14 (dd, J = 8.0, 1.1 Hz, 1H), 6.92 (td, 
J = 8.0, 0.5 Hz, 1H), 6.71 (ddd, J = 8.0, 1.1, 0.5 Hz, 1H), 4.87 (s, 1H), 2.34 
(s, 3H) 
13C NMR (126 MHz, CDCl3) δ (ppm) 154.5, 127.6, 126.2, 125.1, 124.6, 
114.2, 15.7 
IR (neat): ν (cm-1) 3283, 1435, 1241, 998, 762 
GCMS (EI): Calcd for C7H7
79BrO [M]+•: 186, found 186 
Rf: 0.25 in a 85:15 mixture of pentane and ethyl acetate 
Mp: 96-98 °C 
 
Methyl 3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoate (3.11a): 
 
3-bromo-2-methylphenol (3.19) (17.8 g, 95 mmol) was dissolved in DMF (240 mL) and K2CO3 
(39.4 g, 285 mmol, 3 equiv) was added, the mixture was then stirred during 5 min at room 
temperature. After this period, methyl iodide (29.6 mL, 475 mmol, 5 equiv) was added in one 
portion and the reaction was stirred at 50°C during 2h. The reaction was then diluted with water, 
extracted with EtOAc and concentrated to yield the corresponding anisole which was used in 
the next step without further purification. This anisole was mixed with N-bromosuccinimide 
(17.75 g, 100 mmol, 1.05 equiv) and benzoyl peroxide (75%) (1.23 g, 3.8 mmol, 4 mol%) in 
CCl4 (190 mL) and was heated to reflux and stirred overnight. The reaction mixture was then 
cooled to room temperature and filtered. The filtrate was diluted with DCM and washed 
successively with 2M NaOH, water and brine. The organic layer was dried over MgSO4, filtered 
and concentrated under reduced pressure to give the corresponding benzyl bromide which was 
used in the next step without further purification. A solution of LDA (100 mmol, 1.05 equiv) 
in THF (190 mL) was prepared from diisopropylamine (14 mL, 100 mmol, 1.05 equiv) and 2.5 
M nBuLi in hexane (40 mL, 100 mmol, 1.05 equiv), stirred at 0°C during 15 min. To the LDA 
solution, methyl isobutyrate (10.9 mL, 95 mmol, 1 equiv) was added dropwise at 0°C and the 




previously, in THF (95 mL) was added slowly to the solution always at 0°C. The mixture was 
stirred for 16 h with the ice bath warming to room temperature. Water was then add to the 
reaction at 0°C. The mixture was extracted three times with Et2O, the combined organic layers 
were washed with brine. The organic layer was dried over MgSO4, filtered, concentrated under 
vacuum purified by column chromatography (Cy/AcOEt: 95/5 to 90/10) to yield 3.11a as a 
colorless oil (21.4 g, 71 mmol, 75% over 3 steps) that solidified upon standing. 
1H NMR (500 MHz, CDCl3) δ (ppm) 7.16 (dd, J = 8.1, 1.1 Hz, 1H), 7.04 
(t, J = 8.1 Hz, 1H), 6.76 (dd, J = 8.1, 1.1 Hz, 1H), 3.74 (s, 3H), 3.67 (s, 
3H), 3.18 (s, 2H), 1.21 (s, 6H) 
13C NMR (126 MHz, CDCl3) δ (ppm) 178.3, 159.1, 128.4, 127.4, 127.3, 
125.2, 109.3, 55.6, 51.8, 43.4, 39.3, 25.6 
IR (neat): ν (cm-1) 2980, 1716, 1265, 1146, 1029, 771 
HRMS (ESI): Calcd for C13H17
79BrNaO3 [M+Na]
+: 323.0253, found 323.0251 
Rf: 0.22 in a 90:10 mixture of pentane and ethyl acetate 
Mp: 42-44 °C 
 
Methyl 3-(2-bromo-3-methoxyphenyl)-2,2-dimethylpropanoate (3.12): 
 
2-Bromo-1-methoxy-3-methylbenzene (3.22) (1.16 g, 5.77 mmol) was mixed with N-
bromosuccinimide (1.08 g, 6.06 mmol, 1.05 equiv) and benzoyl peroxide (75%) (75 mg, 0.23 
mmol, 4 mol%) in CCl4 (13 mL) and was heated to reflux and stirred overnight. The reaction 
mixture was then cooled to room temperature and filtered. The filtrate was diluted with DCM 
and washed successively with 2M NaOH, water and brine. The organic layer was dried over 
MgSO4, filtered and concentrated under reduced pressure to give the corresponding benzyl 
bromide which was used in the next step without further purification. A solution of LDA (6.06 
mmol, 1.05 equiv) in THF (12 mL) was prepared from diisopropylamine (0.85 mL, 6.06 mmol, 
1.05 equiv) and 2.5 M nBuLi in hexane (2.43 mL, 6.06 mmol, 1.05 equiv), stirred at 0°C during 
15 min. To the LDA solution, methyl isobutyrate (0.66 mL, 5.77 mmol, 1 equiv) was added 
dropwise at 0°C and the mixture was stirred at the same temperature for 45 min. The Benzyl 
bromide, obtained previously, in THF (6 mL) was added slowly to the solution always at 0°C. 
The mixture was stirred for 16 h with the ice bath warming to room temperature. Water was 




organic layers were washed with brine. The organic layer was dried over MgSO4, filtered, 
concentrated under vacuum purified by column chromatography (Cy/AcOEt: 95/5 to 90/10) to 
yield 3.12 (1.35 g, 4.48 mmol, 78%) as a colorless oil. 
1H NMR (500 MHz, CDCl3) δ (ppm) 7.16 (t, J = 7.9 Hz, 1H), 6.79-6.72 
(m, 2H), 3.88 (s, 3H), 3.69 (s, 3H), 3.18 (s, 3H), 1.23 (s, 6H) 
13C NMR (126 MHz, CDCl3) δ (ppm) 178.1, 156.2, 139.8, 127.4, 123.5, 
115.9, 110.0, 77.4, 77.2, 76.9, 56.5, 52.0, 44.5, 44.4, 25.2 
IR (neat): ν (cm-1) 2974, 2948, 1728, 1468, 1431, 1029, 1264, 1127, 1068, 
780 
HRMS (ESI): Calcd for C13H17
79BrNaO3 [M+Na]
+: 323.0253, found 323.0257 
Rf: 0.24 in a 90:10 mixture of pentane and ethyl acetate 
 
Methyl 3-(2-bromo-6-isopropoxyphenyl)-2,2-dimethylpropanoate (3.11b): 
 
Obtained using the same procedure than for 3.11a with isopropyl iodide instead of methyl 
iodide. 3.11b was obtained as a colorless liquid (410 mg, 1.25 mmol, 71% over three steps). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.12 (dd, J = 8.0, 1.1 Hz, 1H), 7.00 
(t, J = 8.0 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 4.50 (sept, J = 6.1 Hz, 1H), 
3.66 (s, 3H), 3.18 (s, 3H), 1.32 (d, J = 6.1 Hz, 6H), 1.22 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.5, 157.6, 128.3, 128.2, 127.5, 
124.8, 111.6, 70.7, 52.0, 43.8, 38.7, 25.8, 22.1 
IR (neat): ν (cm-1) 2977, 1729, 1444, 1258, 1139, 962 
HRMS (ESI): Calcd for C15H21
79BrNaO3 [M+Na]
+: 351.0566, found 351.0566 








Obtained using the same procedure than for 3.11a with isobutyronitrile instead of methyl 
isobutyrate. 3.11c was obtained as a colorless liquid (494 mg, 1.84 mmol, 74% over three steps). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.19 (dd, J = 8.1, 1.1 Hz, 1H), 7.10 (t, 
J = 8.1 Hz, 1H), 6.84 (dd, J = 8.1, 1.1 Hz, 1H), 3.82 (s, 3H), 3.17 (s, 3H), 1.45 
(s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 159.2, 129.3, 127.0, 125.4, 125.3, 
125.3, 109.8, 55.6, 38.9, 33.9, 27.9 
IR (neat): ν (cm-1) 2977, 1462, 1271, 1033, 774 
HRMS (ESI): Calcd for C12H14
79BrNaO [M+Na]+: 290.0151, found 290.0149 
Rf: 0.27 in a 90:10 mixture of pentane and ethyl acetate 
 
Tert-butyl 3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoate (3.11d): 
 
Obtained using the same procedure than for 3.11a with tert-butylisobutyrate instead of methyl 
isobutyrate. 3.11d was obtained as a colorless liquid (856 mg, 2.49 mmol, 71% over three 
steps). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (dd, J = 8.1, 1.1 Hz, 1H), 7.03 
(t, J = 8.1 Hz, 1H), 6.77 (dd, J = 8.1, 1.1 Hz, 1H), 3.75 (s, 3H), 3.19 (s, 
2H), 1.44 (s, 9H), 1.13 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 177.6, 159.3, 128.2, 127.9, 127.5, 
125.2, 109.4, 79.8, 55.5, 44.3, 37.8, 28.2, 25.7  
IR (neat): ν (cm-1) 2975, 1720, 1461, 1261, 1135, 1035 
HRMS (ESI): Calcd for C16H23
79BrNaO3 [M+Na]
+: 365.0723, found 365.0725 






3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoic acid (3.30): 
 
3.11a (12.3 g, 40.9 mmol) was dissolved in a mixture THF (70 mL), MeOH (70 mL) and 2M 
aqueous LiOH (70 mL). The reaction was then heat at 80°C for 6 hours. After cooling to room 
temperature, the organic solvents were removed under reduced pressure. The obtained aqueous 
solution was washed with diethyl ether, acidified to pH<0 and extracted three times with DCM. 
The combined organic layers were then dried over MgSO4, filtered and concentrated under 
reduced pressure to yield 3.30 (10.7 g, 37.2 mmol, 91% yield) as a yellow solid. 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.17 (dd, J = 8.1, 1.1 Hz, 1H), 7.05 
(t, J = 8.1 Hz, 1H), 6.77 (dd, J = 8.1, 1.1 Hz, 1H), 3.72 (s, 3H), 3.24 (s, 2H), 
1.23 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 184.6, 159.1, 128.5, 127.3, 127.0, 
125.2, 109.2, 55.0, 43.2, 39.3, 25.3 
IR (neat): ν (cm-1) 2971, 1687, 1265, 1033, 764 
HRMS (ESI): Calcd for C12H15
79BrNaO3 [M+Na]
+: 309.0097, found 309.0094 
Rf: 0.26 in a 70:30 mixture of pentane and ethyl acetate 
Mp: 122-124°C 
 
General procedure G: Amide formation 
 
3.30 was dissolved in dry DCM (10 mL per mmol), then oxalyl chloride (1.1 equiv) was added, 
follow by few drops of DMF to initiate the reaction. After 1 hour of stirring at room temperature, 
the reaction was cooled to 0°C and the amine (free base or salt, 3 equiv) and aqueous 1M NaOH 
(10 equiv) were added in one portion. The mixture was vigorously stirred for 16 hours with the 
ice bath warming to room temperature. The organic layer was then separated, washed with 2M 
HCl, dried over MgSO4, filtered and concentrated under reduced pressure. Crude material was 






From 3.30 and HNMe2•HCl using General procedure G. 3.11e was obtained as a colorless oil 
that solidified upon standing (240 mg, 0.764 mmol, 97%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (dd, J = 8.1, 1.1 Hz, 1H), 7.03 
(t, J = 8.1 Hz, 1H), 6.77 (dd, J = 8.1, 1.1 Hz, 1H), 3.75 (s, 3H), 3.25 (s, 
3H), 3.10 (brs, 6H), 1.26 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 177.4, 159.1, 128.4, 127.6, 127.2, 
125.3, 109.3, 55.6, 43.8, 38.7, 37.7, 27.0 
IR (neat): ν (cm-1) 2981, 2937, 1619, 1465, 1258, 1030, 776 
HRMS (ESI): Calcd for C14H20
79BrNNaO2 [M+Na]
+: 336.0570, found 336.0575 
Rf = 0.22 in a 50:50 mixture of pentane and ethyl acetate 
Mp = 62-64°C 
 
3-(2-bromo-6-methoxyphenyl)-2,2-dimethyl-1-(piperidin-1-yl)propan-1-one (3.11f): 
From 3.30 and piperidine using General procedure G. 3.11f was obtained as a colorless oil 
that solidified upon standing (490 mg, 1.38 mmol, 99%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (dd, J = 8.1, 1.1 Hz, 1H), 
7.03 (t, J = 8.1 Hz, 1H), 6.77 (dd, J = 8.1, 1.1 Hz, 1H), 3.75 (s, 3H), 
3.70-3.65 (m, 4H), 3.24 (s, 2H), 1.71-1.64 (m, 3H), 1.64-1.56 (m, 3H), 
1.21 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.2, 159.2, 128.4, 127.8, 
127.3, 125.3, 109.3, 55.6, 46.6, 43.7, 37.4, 27.0, 26.3, 25.0 
IR (neat): ν (cm-1) 2935, 2854, 1611, 1415, 1265, 1028, 774 
HRMS (ESI): Calcd for C17H24
79BrNNaO [M+Na]+: 376.0883, found 376.0883 







From 3.30 and morpholine using General procedure G. 3.11g was obtained as a colorless oil 
that solidified upon standing (480 mg, 1.35 mmol, 97%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.17 (dd, J = 8.1, 1.1 Hz, 1H), 
7.05 (t, J = 8.1 Hz, 1H), 6.78 (dd, J = 8.1, 1.1 Hz, 1H), 3.76 (s, 3H), 
3.77-3.72 (m, 4H), 3.73-3.69 (m, 4H), 3.23 (s, 2H), 1.23 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.6, 159.0, 128.6, 127.4, 
127.2, 125.4, 109.4, 67.1, 55.7, 46.2, 43.6, 37.5, 27.0 
IR (neat): ν (cm-1) 2946, 2846, 1624, 1269, 1111, 1031, 775 
HRMS (ESI): Calcd for C16H22
79BrNNaO3 [M+Na]
+: 378.0675, found 378.0677 
Rf: 0.24 in a 50:50 mixture of pentane and ethyl acetate 
Mp: 86-88°C 
 
Methyl (3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoyl)-L-prolinate (3.11h): 
From 3.30 and H-L-Pro-OMe•HCl using General procedure G. 3.11h was obtained as a wax 
(368 mg, 0.924 mmol, 89%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (d, J = 8.1 Hz, 1H), 7.03 
(t, J = 8.1 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 4.54-4.46 (m, 1H), 3.84-
3.67 (m, 2H), 3.74 (s, 3H), 3.71 (s, 3H), 3.25 (d, J = 13.5 Hz, 1H), 
3.19 (d, J = 13.5 Hz, 1H), 2.20-2.09 (m, 1H), 2.09-2.00 (m, 1H), 
1.94-1.79 (m, 2H), 1.29 (s, 3H), 1.18 (s, 3H) 
13C NMR (126 MHz, CDCl3): 176.4, 173.6, 159.2, 128.4, 127.4, 127.2, 125.3, 109.4, 61.3, 
55.5, 52.1, 48.5, 44.0, 36.9, 28.0, 26.4, 26.1, 25.4 
IR (neat): ν (cm-1) 2948, 1743, 1622, 1397, 1159, 1031 
HRMS (ESI): Calcd for C18H24
79BrNNaO4 [M+Na]
+: 420.0781, found 420.0788 
Rf: 0.24 in a 60:40 mixture of pentane and ethyl acetate 
[α]D






Isopropyl (3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoyl)-L-prolinate (3.11i) and 
isopropyl (3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoyl)-D-prolinate (3.11j): 
From 3.30 and H-L-Pro-OiPr•HCl or H-D-Pro-OiPr•HCl respectively using General procedure 
G. Obtained as colorless oils that solidified upon standing 3.11i (698 mg, 1.64 mmol, 90%), 
3.11j (279 mg, 0.655 mmol, 93%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (dd, J = 8.1, 1.1 Hz, 1H), 
7.03 (t, J = 8.1 Hz, 1H), 6.77 (dd, J = 8.1, 1.1 Hz, 1H), 5.02 (sept, J 
= 6.2 Hz, 1H), 4.53-4.42 (m, 1H), 3.85-3.67 (m, 2H), 3.74 (s, 3H), 
3.27 (d, J = 13.5 Hz, 1H), 3.19 (d, J = 13.5 Hz, 1H), 2.21-2.09 (m, 
1H), 2.09-1.97 (m, 1H), 1.93- 1.76 (m, 2H), 1.31 (s, 3H), 1.25 (d, J 
= 6.2 Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H), 1.19 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.6, 172.4, 159.2, 128.4, 
127.3, 127.2, 125.3, 109.4, 68.2, 61.7, 55.5, 48.6, 44.1, 36.9, 28.0, 
26.4, 26.1, 25.5, 21.9, 21.8 
IR (neat): ν (cm-1) 2975, 1742, 1627, 1401, 1177, 1035, 781 
HRMS (ESI): Calcd for C20H28
79BrNNaO4 [M+Na]
+: 448.1094, found 448.1097 
Rf: 0.32 in a 60:40 mixture of pentane and ethyl acetate 
Mp: 88-90°C 
3.11i [α]D
23: - 23.7° (c = 1.05, CHCl3) 
3.11j [α]D
23: + 22.8° (c = 0.50, CHCl3) 
 
Tert-butyl (3-(2-bromo-6-methoxyphenyl)-2,2-dimethylpropanoyl)-L-prolinate (3.11k): 
From 3.30 and H-L-Pro-OtBu•HCl using General procedure G. 3.11h was obtained as a wax 
(344 mg, 0.781 mmol, 89%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (dd, J = 8.1, 1.1 Hz, 1H), 
7.03 (t, J = 8.1 Hz, 1H), 6.77 (dd, J = 8.1, 1.1 Hz, 1H), 4.44-4.35 
(m, 1H), 3.75 (s, 3H), 3.81-3.67 (m, 2H), 3.26 (d, J = 13.5 Hz, 1H), 
3.19 (d, J = 13.5 Hz, 1H), 2.20-2.08 (m, 1H), 2.08-1.96 (m, 1H), 
1.91-1.75 (m, 2H), 1.45 (s, 9H), 1.30 (s, 3H), 1.19 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.0, 172.3, 159.2, 128.4, 127.5, 127.3, 125.3, 109.3, 
80.7, 62.2, 55.5, 48.5, 44.0, 37.0, 28.1, 28.1, 26.4, 26.3, 25.5 
IR (neat): ν (cm-1) 2974, 1736, 1623, 1365, 1148, 1033, 772 
HRMS (ESI): Calcd for C21H30
79BrNNaO4 [M+Na]




Rf: 0.28 in a 70:30 mixture of pentane and ethyl acetate 
[α]D





6.3.3. Model Products 
General procedure H: Representative procedure for the asymmetric C(sp3)–H arylation 
 
In an oven dry catalysis tube, substrate (0.2 mmol) was introduced. Then the tube was 
transferred in glovebox and [Pd(π-cin)Cl]2 (5.2 mg, 10 μmol, 5 mol%), 3.29 (11.8 mg, 20 μmol, 
10 mol%), cesium pivalate (46.8 mg, 0.2 mmol, 1 equiv) and cesium carbonate (97.7 mg, 0.3 
mmol, 1.5 equiv) were introduced and the tube was close with a septum. Outside of the 
glovebox, mesitylene (2 mL) was added. The reaction was stirred at room temperature for 10 
min, then, under pressure of argon, the septum was rapidely exchange for a screw cap. The tube 
was then introduced in a 160°C preheated aluminium block and stirred at this temperature for 
18 hours. After this period the reaction was coolded to room temperature, diluted with DCM (1 
mL), filtered over a pad of celite (washed three times with 1 mL of DCM). The crude material 
was analyzed by GC-MS and then concentrated and purified by flash column chromatography 
to yield the corresponding indane product. Enantiomeric/diastereomeric ratio were then 
determined by HPLC using a chiral stationary phase. 
Racemic materials were obtained following the same procedure, using IBioxMe4·HOTf as 
ligand. 
 
Methyl (S)-4-methoxy-2-methyl-2,3-dihydro-1H-indene-2-carboxylate (3.10a): 
Small scale synthesis: 
From 3.11a using General procedure H. 3.10a was obtained as a yellow liquid (40.5 mg, 0.184 
mmol, 92%). 
Gram scale synthesis of racemic material: 
In an oven dry Schlenk tube, 3.11a (1.36 g, 4.5 mmol) was introduced. Then the Schlenk tube 
was transferred in glovebox and [Pd(π-cin)Cl]2 (117 mg, 0.23 mmol, 5 mol%), IBioxMe4·HOTf 
(161 mg, 0.45 mmol, 10 mol%), cesium pivalate (1.05 g, 4.5 mmol, 1 equiv) and cesium 
carbonate (2.20 g, 6.75 mmol, 1.5 equiv) were introduced and the tube was close with a septum. 
Outside of the glovebox, mesitylene (45 mL) was added. The reaction was stirred at room 
temperature for 10 min. The tube was then introduced in a 160°C preheated oil bath and stirred 




filtered over a pad of celite (washed with DCM). The crude material was analyzed by GC-MS 
and then concentrated and purified by flash column chromatography (Cy/AcOEt: 95/5 to 90/10) 
to yield 3.10a (915 mg, 4.15 mmol, 92%) as a yellowish oil. 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (t, J = 7.8 Hz, 1H), 6.81 (d, J = 
7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 3.82 (s, 3H), 3.72 (s, 3H), 3.50 (d, J 
= 16.0 Hz, 1H), 3.39 (d, J = 16.4 Hz, 1H), 2.84 (d, J = 16.4 Hz, 1H), 2.82 
(d, J = 16.0 Hz, 1H), 1.37 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.3, 156.3, 143.3, 128.9, 128.2, 
117.1, 108.2, 55.3, 52.2, 49.4, 44.5, 41.0, 25.6 
IR (neat): ν (cm-1) 2950, 1730, 1590, 1261, 1075, 766 
HRMS (ESI): Calcd for C13H16NaO3 [M+Na]
+: 243.0992, found 243.0990 
Rf: 0.21 in a 95:5 mixture of pentane and ethyl acetate 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 0.8 mL.min-1, 204 nm, tR 
(major) = 16.4 min, tR (major) = 18.1 min, 66:34 e.r. 
 
Methyl (S)-4-isopropoxy-2-methyl-2,3-dihydro-1H-indene-2-carboxylate (3.10b): 
From 3.11b using General procedure H. 3.10b was obtained as a yellow liquid (46.2 mg, 
0.186 mmol, 93%). 
1H NMR (500 MHz, CDCl3): δ (ppm) δ 7.11 (t, J = 7.8 Hz, 1H), 6.79 (d, J 
= 7.8 Hz, 1H), 6.69 (d, J = 7.8 Hz, 1H), 4.51 (sept, J = 6.1 Hz, 1H), 3.72 
(s, 3H), 3.50 (d, J = 16.0 Hz, 1H), 3.37 (d, J = 16.3 Hz, 1H), 2.85 (d, J = 
16.3 Hz, 1H), 2.81 (d, J = 16.0 Hz, 1H), 1.36 (s, 3H), 1.33 (d, J = 6.1 Hz, 
3H), 1.32 (d, J = 6.1 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.4, 154.8, 143.4, 130.4, 128.0, 117.0, 111.5, 70.4, 
52.2, 49.3, 44.5, 41.2, 25.6, 22.4, 22.4 
IR (neat): ν (cm-1) 2976, 1732, 1477, 1259, 1111, 766 
HRMS (ESI): Calcd for C15H20NaO3 [M+Na]
+: 271.1305, found 271.1305 
Rf: 0.26 in a 95:5 mixture of pentane and ethyl acetate 
HPLC separation: Chiralcel® OJ-H; 99:1 (n-heptane/i-PrOH), 0.8 mL.min-1, 221 nm, tR 






Tert-butyl (S)-4-methoxy-2-methyl-2,3-dihydro-1H-indene-2-carboxylate (3.10d): 
From 3.11d using General procedure H. 3.10d was obtained as a yellow oil mixed with a 
significant amount of protodebrominated byproduct (12.6 mg, 0.048 mmol, 24%). NMR data 
are given from the racemate. 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.14 (t, J = 7.8 Hz, 1H), 6.81 (d, J 
= 7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 3.82 (s, 3H), 3.46 (d, J = 16.0 Hz, 
1H), 3.32 (d, J = 16.3 Hz, 1H), 2.80 (d, J = 16.3 Hz, 1H), 2.76 (d, J = 16.0 
Hz, 1H), 1.46 (s, 9H), 1.32 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 177.0, 156.3, 143.6, 129.1, 128.1, 
117.2, 108.1, 80.3, 77.4, 77.2, 76.9, 55.3, 50.1, 44.3, 41.0, 28.2, 25.6 
IR (neat): ν (cm-1) 2974, 1721, 1260, 1112, 1076, 767 
HRMS (ESI): Calcd for C16H22NaO3 [M+Na]
+: 285.1461, found 285.1463 
Rf: 0.32 in a 95:5 mixture of pentane and ethyl acetate 
HPLC separation: Chiralcel® OJ-H; 99.5:0.5 (n-heptane/i-PrOH), 0.8 mL.min-1, 220 nm, tR 
(major) = 7.3 min, tR (minor) = 8.3 min, 58:42 e.r. 
 
(S)-4-methoxy-N,N,2-trimethyl-2,3-dihydro-1H-indene-2-carboxamide (3.10e): 
From 3.11e using General procedure H. 3.10e was obtained as a wax (44.3 mg, 0.19 mmol, 
95%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (t, J = 7.8 Hz, 1H), 6.82 (d, J 
= 7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 3.82 (s, 3H), 3.61 (d, J = 16.5 Hz, 
1H), 3.35 (d, J = 16.5 Hz, 1H), 3.02 (brs, 6H), 2.95 (d, J = 16.5 Hz, 1H), 
2.88 (d, J = 16.5 Hz, 1H), 1.36 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.9, 156.3, 143.1, 128.6, 128.3, 
117.2, 108.0, 55.2, 49.5, 45.9, 41.7, 37.9, 26.5 
IR (neat): ν (cm-1) 2935, 1620, 1263, 1075, 766 
HRMS (ESI): Calcd for C14H19NNaO2 [M+Na]
+: 256.1308, found 256.1309 
Rf: 0.25 in a 50:50 mixture of pentane and ethyl acetate 
HPLC separation: Chiralcel® OJ-H; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 204 nm, tR 







From 3.11f using General procedure H. 3.10f was obtained as a wax (51.9 mg, 0.19 mmol, 
95%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (t, J = 7.8 Hz, 1H), 6.82 (d, 
J = 7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 3.82 (s, 3H), 3.62 (d, J = 16.5 
Hz, 1H), 3.59-3.44 (m, 4H), 3.35 (d, J = 16.5 Hz, 1H), 2.93 (d, J = 16.5 
Hz, 1H), 2.87 (d, J = 16.5 Hz, 1H), 1.70-1.61 (m, 2H), 1.61-1.53 (m, 
4H), 1.35 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.5, 156.3, 143.1, 128.6, 128.2, 117.2, 108.0, 55.2, 
49.6, 46.1, 46.0, 41.8, 27.1, 26.2, 24.8  
IR (neat): ν (cm-1) 2932, 2853, 1623, 1420, 1258, 1076, 1013, 764 
HRMS (ESI): Calcd for C17H23NNaO2 [M+Na]
+: 296.1621, found 296.1621 
Rf: 0.26 in a 75:25 mixture of pentane and ethyl acetate 
HPLC separation: Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 205 nm, tR (major) 
= 10.6 min, tR (minor) = 11.7 min, 85:15 e.r. 
 
(S)-(4-methoxy-2-methyl-2,3-dihydro-1H-inden-2-yl)(morpholino)methanone (3.10g): 
From 3.11g using General procedure H. 3.10g was obtained as a wax (52.3 mg, 0.19 mmol, 
95%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.17 (t, J = 7.8 Hz, 1H), 6.82 (d, 
J = 7.5 Hz, 1H), 6.69 (d, J = 8.1 Hz, 1H), 3.82 (s, 3H), 3.70-3.66 (m, 
4H), 3.64-3.56 (m, 4H), 3.60 (d, J = 16.5 Hz, 1H), 3.33 (d, J = 16.5 Hz, 
1H), 2.93 (d, J = 16.5 Hz, 1H), 2.88 (d, J = 16.5 Hz, 1H), 1.36 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.9, 156.3, 142.7, 128.5, 
128.2, 117.2, 108.1, 67.0, 55.2, 49.2, 46.0, 45.4, 41.8, 27.2 
IR (neat): ν (cm-1) 2961, 2926, 2852, 1626, 1416, 1264, 1113, 765 
HRMS (ESI): Calcd for C16H21NNaO3 [M+Na]
+: 298.1414, found 298.1417 
Rf: 0.25 in a 50:50 mixture of pentane and ethyl acetate 
HPLC separation: Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 205 nm, tR (major) 






Methyl ((S)-4-methoxy-2-methyl-2,3-dihydro-1H-indene-2-carbonyl)-L-prolinate (3.10h): 
From 3.11h using General procedure H. 3.10h was obtained as a wax (52.1 mg, 0.164 mmol, 
82%). 
Description of major diastereoisomer: 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (t, J = 7.8 Hz, 1H), 6.82 
(d, J = 7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 4.54 (dd, J = 8.5, 4.8 
Hz, 1H), 3.82 (s, 3H), 3.72 (s, 3H), 3.77-3.63 (m, 2H), 3.61 (d, J = 
16.2 Hz, 1H), 3.38 (d, J = 16.4 Hz, 1H), 2.94 (d, J = 16.4 Hz, 1H), 
2.87 (d, J = 16.2 Hz, 1H), 2.22-2.13 (m, 1H), 2.12- 2.04 (m, 1H), 2.01- 1.86 (m, 2H), 1.36 (s, 
3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.1, 173.4, 156.4, 143.1, 128.6, 128.2, 117.2, 108.1, 
60.6, 55.3, 52.2, 49.6, 47.8, 44.8, 40.7, 28.3, 25.9, 25.4 
IR (neat): ν (cm-1) 2953, 1743, 1623, 1401, 1264, 1173, 1075, 766 
HRMS (ESI): Calcd for C18H23NNaO4 [M+Na]
+: 340.1519, found 340.1520 
Rf: 0.25 in a 60:40 mixture of pentane and ethyl acetate 
HPLC separation: with IBioxMe4·HOTf Chiralpak
® IA; 95:5 (n-heptane/i-PrOH), 1.0 
mL.min-1, 205 nm, tR (major) = 22.2 min, tR (minor) = 25.8 min, 64:36 d.r. 
With 3.29 Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 205 nm, tR (major) = 22.2 




From 3.11i using General procedure H. 3.10i was obtained as a wax (56.7 mg, 0.164 mmol, 
82%). 
Description of major diastereoisomer: 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (t, J = 7.8 Hz, 1H), 6.81 
(d, J = 7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 5.03 (hept, J = 6.2 Hz, 
1H), 4.49 (dd, J = 8.6, 4.8 Hz, 1H), 3.81 (s, 3H), 3.76-3.60 (m, 2H), 
3.60 (d, J = 16.2 Hz, 1H), 3.39 (d, J = 16.4 Hz, 1H), 2.94 (d, J = 16.4 Hz, 1H), 2.86 (d, J = 16.2 
Hz, 1H), 2.21-2.11 (m, 1H), 2.12-2.00 (m, 1H), 1.99-1.83 (m, 2H), 1.35 (s, 3H), 1.26 (d, J = 
6.2 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.9, 172.3, 156.4, 143.2, 128.6, 128.2, 117.2, 108.1, 
68.3, 61.0, 55.3, 49.7, 47.8, 44.7, 40.7, 28.3, 25.9, 25.4, 21.9, 21.8 




HRMS (ESI): Calcd for C20H27NNaO4 [M+Na]
+: 368.1832, found 368.1834 
Rf: 0.27 in a 70:30 mixture of pentane and ethyl acetate 
HPLC separation: with IBioxMe4·HOTf Chiralpak
® IA; 95:5 (n-heptane/i-PrOH), 1.0 
mL.min-1, 205 nm, tR (major) = 14.8 min, tR (minor) = 18.3 min, 66:34 d.r. 
With 3.29 Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 205 nm, tR (major) = 14.8 




From 3.11j using General procedure H. 3.10j was obtained as a wax (56.0 mg, 0.162 mmol, 
81%). 
Description of major diastereoisomer: 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (t, J = 7.8 Hz, 1H), 6.82 
(d, J = 7.8 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 5.04 (hept, J = 6.2 Hz, 
1H), 4.49 (dd, J = 8.6, 4.8 Hz, 1H), 3.81 (s, 3H), 3.76-3.60 (m, 2H), 
3.61 (d, J = 16.2 Hz, 1H), 3.33 (d, J = 16.4 Hz, 1H), 2.95 (d, J = 16.4 
Hz, 1H), 2.86 (d, J = 16.2 Hz, 1H), 2.21-2.11 (m, 1H), 2.12-2.00 (m, 1H), 1.99-1.83 (m, 2H), 
1.37 (s, 3H), 1.26 (d, J = 6.2 Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.9, 172.2, 156.3, 143.2, 128.5, 128.2, 117.2, 108.0, 
68.3, 60.9, 55.2, 49.9, 47.8, 45.0, 40.3, 28.3, 25.8, 25.1, 21.9, 21.8 
IR (neat): ν (cm-1) 2977, 1735, 1625, 1401, 1264, 1185, 1107, 1076, 767 
HRMS (ESI): Calcd for C20H27NNaO4 [M+Na]
+: 368.1836, found 368.1834 
Rf: 0.27 in a 70:30 mixture of pentane and ethyl acetate 
HPLC separation: with IBioxMe4·HOTf Chiralpak
® IA; 95:5 (n-heptane/i-PrOH), 1.0 
mL.min-1, 205 nm, tR (minor) = 14.6 min, tR (major) = 16.0 min, 36:64 d.r. 
With 3.29 Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 205 nm, tR (major) = 14.6 








From 3.11k using General procedure H. 3.10k was obtained as a wax (60.4 mg, 0.168 mmol, 
84%). 
Description of major diastereoisomer: 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.14 (t, J = 7.8 Hz, 1H), 6.81 
(d, J = 7.8 Hz, 1H), 6.67 (d, J = 7.8 Hz, 1H), 4.42 (dd, J = 8.5, 4.8 
Hz, 1H), 3.81 (s, 3H), 3.75-3.56 (m, 2H), 3.61 (d, J = 16.3 Hz, 1H), 
3.38 (d, J = 16.4 Hz, 1H), 2.94 (d, J = 16.4 Hz, 1H), 2.86 (d, J = 16.3 
Hz, 1H), 2.19-2.09 (m, 1H), 2.11-1.98 (m, 1H), 1.96-1.82 (m, 2H), 1.44 (s, 9H), 1.35 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.7, 172.0, 156.4, 143.2, 128.7, 128.1, 117.2, 108.1, 
80.9, 61.5, 55.3, 49.7, 47.7, 44.8, 40.7, 28.3, 28.1, 25.9, 25.4 
IR (neat): ν (cm-1) 2973, 1735, 1625, 1151, 1076, 766 
HRMS (ESI): Calcd for C21H29NNaO4 [M+Na]
+: 382.1989, found 382.1988 
Rf: 0.33 in a 70:30 mixture of pentane and ethyl acetate 
HPLC separation: with IBioxMe4·HOTf Chiralpak
® IA; 95:5 (n-heptane/i-PrOH), 1.0 
mL.min-1, 205 nm, tR (major) = 11.0 min, tR (minor) = 14.6 min, 62:38 e.r. 
With 3.29 Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 205 nm, tR (major) = 10.8 






6.3.4. First Route – Racemic 
Methyl 4-(allyloxy)-2-methyl-2,3-dihydro-1H-indene-2-carboxylate (3.40): 
 
3.10a (911 mg, 4.14 mmol) was dissolved in glacial acetic acid (11 mL) and 48% aqueous 
hydrobromic acid (54 mL). The reaction mixture was refluxed for 2 h. After this period, the 
reaction was diluted with water and extracted with DCM. The organic layer was dried over 
MgSO4 and concentrated under a vacuum. Two portions of toluene were added and evaporated 
to remove excess of AcOH. The crude product was then diluted in DMF (6 mL) and KHCO3 
(1.12 g, 12.42 mmol, 3 equiv) was added. The suspension was stirred 10 min at room 
temperature, and then methyl iodide (0.77 mL, 12.42 mmol, 3 equiv) was added. The mixture 
was stirred at 40 °C until total consumption of starting material (approximately 3 h). To remove 
the excess of iodomethane, the reaction was heated to 65 °C under a flow of argon for 15 min. 
After this period, the temperature was lowered to 40 °C, and then NaH (300 mg, 12.42 mmol, 
3 equiv) and allyl bromide (1.07 mL, 12.42 mmol, 3 equiv) were added successively carefully. 
The reaction mixture was stirred for 30 min and then cooled with an ice bath, and then water 
was added. The reaction was extracted three times with DCM. The combined organic phases 
were dried over MgSO4, filtered and concentrated under reduced pressure. The crude material 
was purified by flash column chromatography (Cy/AcOEt: 90/10) leading to 30 as a light 
yellow oil (835 mg, 3.39 mmol, 82% over 2 steps). 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.12 (t, J = 7.8 Hz, 1H), 6.81 
(d, J = 7.5 Hz, 1H), 6.67 (d, J = 8.1 Hz, 1H), 6.06 (ddt, J = 17.3, 10.4, 
5.1 Hz, 1H), 5.42 (dq, J = 17.3, 1.6 Hz, 1H), 5.27 (dq, J = 10.4, 1.6 
Hz, 1H), 4.54 (dt, J = 5.1, 1.6 Hz, 2H), 3.72 (s, 3H), 3.51 (d, J = 16.0 
Hz, 1H), 3.42 (d, J = 16.4 Hz, 1H), 2.89 (d, J = 16.4 Hz, 1H), 2.82 (d, 
J = 16.0 Hz, 1H), 1.38 (s, 3H) 
13C NMR (63 MHz, CDCl3) δ (ppm) 178.3, 155.3, 143.4, 133.6, 129.3, 128.1, 117.3, 117.2, 
109.5, 68.7, 52.2, 49.4, 44.5, 41.1, 25.6 
IR (neat): ν (cm-1) 2950, 1730, 1590, 1480, 1262, 1112, 1061, 767 cm-1 
HRMS (ESI): Calcd for C15H18NaO3 [M+Na]
+: 269.1148, found 269.1151 





Methyl 5-allyl-4-hydroxy-2-methyl-2,3-dihydro-1H-indene-2-carboxylate (31): 
 
A sealed tube charged with 3.40 (409 mg, 1.66 mmol) and N,N-diethylaniline (3 mL) was 
heated under stirring at 200 °C for 24 h. After this period, the reaction was poured into 1 M 
HCl and extracted three times with DCM. The combined organic layers were dried over 
MgSO4, filtered and concentrated under reduced pressure. The crude material was purified by 
flash chromatography (Cy/AcOEt: 90/10) leading to 3.41 (368 mg, 1.49 mmol, 90%) as a 
yellow oil. 
1H NMR (400 MHz, CDCl3) δ (ppm) 6.93 (d, J = 7.5 Hz, 1H), 6.73 
(d, J = 7.5 Hz, 1H), 6.01 (ddt, J = 16.5, 10.0, 6.4 Hz, 1H), 5.21-5.10 
(m, 2H), 4.99 (brs, 1H), 3.72 (s, 3H), 3.47 (d, J = 16.0 Hz, 1H), 
3.42-3.35 (m, 3H), 2.80 (d, J = 16.0 Hz, 1H), 2.80 (d, J = 15.9 Hz, 
1H), 1.38 (s, 3H) 
13C NMR (63 MHz, CDCl3) δ (ppm) 178.4, 150.8, 141.8, 137.0, 129.2, 127.3, 123.3, 116.9, 
116.3, 52.3, 49.9, 44.2, 40.3, 35.0, 25.5 
IR (neat): ν (cm-1) 3460, 2952, 1712, 1445, 1284, 1209, 1114, 913 
HRMS (ESI): Calcd for C15H18NaO3 [M+Na]
+: 269.1148, found 269.1147 





In a round-bottom flask containing a stirred biphasic solution of 3.41 (441 mg, 1.79 mmol) in 
EtOAc (20 mL) and water (12 mL) was added OsO4 (23 mg, 90.5 μmol, 5 mol %). After 5 min, 
NaIO4 (957 mg, 4.48 mmol, 2.5 equiv) was added in two portions separated by 5 min. The 
solution was vigorously stirred for 3 h at room temperature. The layers were separated and the 
aqueous phase was extracted twice with ethyl acetate. The combined organic layers were dried 
over MgSO4, filtered and concentrated under reduced pressure. The crude material was diluted 
in MeOH (20 mL) and cooled to 0 °C. After this, NaBH4 (205 mg, 5.42 mmol, 3 equiv) was 




and the reaction was extracted three times with ethyl acetate. The combined organic phases 
were dried over MgSO4, filtered and concentrated under reduced pressure. The crude material 
was purified by flash chromatography (Cy/AcOEt: 60/40) leading to 3.42 (389 mg, 1.55 mmol, 
87%) as a light-yellow oil.  
1H NMR (400 MHz, CDCl3) δ (ppm) 6.88 (d, J = 7.5 Hz, 1H), 
6.69 (d, J = 7.5 Hz, 1H), 4.01-3.93 (m, 2H), 3.71 (s, 3H), 3.46 (d, 
J = 16.0 Hz, 1H), 3.40 (d, J = 16.2 Hz, 1H), 2.89-2.83 (m, 3H), 
2.79 (d, J = 16.0 Hz, 1H), 1.37 (s, 3H) 
13C NMR (126 MHz, CDCl3) δ (ppm) 178.5, 152.0, 142.3, 129.9, 
128.7, 124.6, 116.6, 65.1, 52.3, 49.7, 44.3, 40.9, 34.5, 25.6 
IR (neat): ν (cm-1) 3416, 3296, 2933, 1710, 1437, 1283, 1214, 1114, 1039, 809 
HRMS (ESI): Calcd for C14H18NaO4 [M+Na]
+: 273.1097, found 273.1098 





In a round-bottom flask, 3.42 (250 mg, 1.0 mmol) and Salcomine (130 mg, 0.4 mmol, 40 mol 
%) were mixed in acetonitrile (13 mL). Oxygen was bubbled through the stirred suspension 
during 5 min. Then the reaction was stirred under oxygen atmosphere during 24 h. After this 
period, acetonitrile was removed under reduced pressure and the crude was purified by flash 
chromatography (Cy/AcOEt: 50/50) leading to 3.43 (218 mg, 0.82 mmol, 82%) as a yellow oil. 
1H NMR (600 MHz, CDCl3) δ (ppm) 6.58 (t, J = 1.2 Hz, 1H), 
3.82 (t, J = 5.5 Hz, 2H), 3.72 (s, 3H), 3.38-3.31 (m, 2H), 2.74-
2.69 (m, 2H), 2.68 (tt, J = 6.0, 1.0 Hz, 2H), 1.74 (brs, 1H), 1.39 
(s, 3H) 
13C  NMR (151 MHz, CDCl3) δ (ppm) 186.3, 185.9, 177.0, 
146.6, 146.2, 146.0, 134.5, 61.2, 52.6, 47.3, 42.5, 42.2, 32.6, 26.1 
IR (neat): ν (cm-1) 3492, 3447, 2955, 1729, 1650, 1268, 1211, 1039, 851 
HRMS (ESI): Calcd for C14H16NaO5 [M+Na]
+: 287.0890, found 287.0886 







A solution of 3.43 (90.6 mg, 0.343 mmol), acetic acid (63.0 mg, 60 μL, 3 equiv) in 
acetonitrile/H2O 1:1 (1 mL) was heated at 70 °C. Subsequently, silver nitrate (17.5 mg, 0.103 
mmol, 0.3 equiv) and ammonium persulfate (102 mg, 0.446 mmol, 1.3 equiv) were added and 
the reaction was stirred for 2 h. After this period, the solution was diluted with ethyl acetate (15 
mL). The organic layer was washed with water (10 mL), dried over MgSO4 and concentrated 
under a vacuum. The crude was purified by flash chromatography (Cy/AcOEt: 50/50) leading 
to 3.44 (52 mg, 0.187 mmol, 55%) as a yellow oil. 
1H NMR (600 MHz, CDCl3) δ (ppm) 3.77-3.73 (m, 1H), 3.72 (s, 
3H), 3.38-3.31 (m, 2H), 2.78 (t, J = 6.5 Hz, 2H), 2.75-2.69 (m, 
2H), 2.07 (s, 3H), 1.65 (brs, 1H), 1.38 (s, 3H) 
13C NMR (151 MHz, CDCl3) δ (ppm) 186.4, 185.9, 177.1, 146.0, 
145.6, 142.9, 141.5, 61.7, 52.6, 47.2, 42.6, 42.6, 30.1, 26.1, 12.3 
IR (neat): ν (cm-1) 3443, 2953, 1730, 1646, 1207, 1042, 714 
HRMS (ESI): Calcd for C15H18NaO5 [M+Na]
+: 301.1046, found 301.1042 





6.3.5. Second route 
2,4,5-tribromo-3,6-dimethylphenol (3.46): 
 
A modification of the procedure of Gould was used.220 Aluminum (4.01 g, 0.15 mol, 0.45 equiv) 
was cautiously added in small portions to bromine (100 mL, 1.94 mol, 5.8 equiv) cooled to 0 
°C, and the mixture was stirred for 20 min. A solution of 2,5-dimethylphenol (3.45) (40.3 g, 
330 mmol) in DCM (200 mL) was added over 2 h, and the mixture was stirred for additional 2 
h at 0 °C. (Caution! A copious amount of HBr is evolved in this reaction which can be trapped 
by a water trap connected to an aqueous sodium carbonate scrubber). The reaction was then 
diluted at 0 °C with DCM (200 mL) and water (200 mL). Then a 5% aqueous NaHSO3 solution 
was added until the color of bromine disappeared. The phases were separated, the aqueous layer 
was extracted twice with DCM, and the combined organic layers were dried with MgSO4, 
filtered and concentrated under reduced pressure to yield 3.46 (115 g, 320 mmol) as a white 
solid which was used in the next step without further purification. Spectroscopic data are 
consistent with those previously reported.220 
1H NMR (400 MHz, CDCl3): δ (ppm) 5.83 (s, 1H), 2.66 (s, 3H), 2.47 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 149.9, 136.2, 128.2, 125.3, 118.4, 
112.7, 26.5, 19.1 
IR (neat): ν (cm-1) 3491, 1365, 1444, 1032, 654 
HRMS (ESI): Calcd for C8H6
79Br3O [M-H]
-: 354.7974, found 354.7976 
Rf = 0.39 in a 90:10 mixture of pentane and ethyl acetate 




A modification of the procedure of Gould was used.220g A suspension of the 3.46 (115 g, 320 
mmol) in aqueous HI (57%, 250 mL) was heated at reflux under argon for 16 h and cooled. 
TBME (500 mL) was added, and at 0 °C under stirring, NaHSO3 (40%, 900 mL) was added 




(300 mL). The combined organic phases were dried over MgSO4, filtered, and concentrated 
under reduced pressure to yield 3.47 (54.7 g, 272 mmol) nearly pure as a light brown solid 
which was used in the next step without further purification. Spectroscopic data are consistent 
with those previously reported.220 
1H NMR (400 MHz, CDCl3): δ (ppm) 6.98 (s, 1H), 6.54 (s, 1H), 4.73 (s, 1H), 
2.29 (s, 3H), 2.24 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 154.1, 137.8, 125.8, 125.7, 121.3, 
115.1, 20.78, 15.3 
IR (neat): ν (cm-1) 3306, 2921, 1399, 1272, 1124, 1007, 814 
HRMS (ESI): Calcd for C8H8
79BrO [M-H]
-: 198.9764, found 198.9765 





3.47 (54.4 g, 271 mmol) was dissolved in acetone (500 mL), then potassium carbonate (56.0 g, 
405 mmol, 1.5 equiv) and methyl iodide (51.0 mL, 115 g, 810 mmol, 3.0 equiv) were added. 
The resulting dark brown mixture was stirred under reflux for 24 h; after 12 h, another 
equivalent of methyl iodide (16.0 mL, 270 mmol, 1.0 equiv) was added. The dark brown 
suspension was concentrated carefully under reduced pressure. The residue was diluted with 
diethyl ether (700 mL) and water (500 mL) and the layers were separated. The aqueous phase 
was extracted twice with diethyl ether (200 mL). The combined organic phases were washed 
twice with water (200 mL), then with brine (100 mL), dried over MgSO4, filtered, and 
concentrated under reduced pressure. The crude material was obtained as a brown liquid which 
was distilled under reduced pressure to give 3.48 as a colorless liquid (53.47 g, 249 mmol, 76% 
over 3 steps). Spectroscopic data are consistent with those previously reported.220 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.00 (s, 1H), 6.59 (s, 1H), 3.81 (s, 3H), 
2.30 (s, 3H), 2.27 (s, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 158.2, 137.4, 125.6, 125.0, 123.8, 
110.4, 55.9, 21.3, 15.4 
IR (neat): ν (cm-1) 2925, 1264, 1144, 1046, 828 






Rf: 0.53 in a 95:5 mixture of pentane and ethyl acetate 





In an oven dry Schlenk tube, 3.11a (1.0 g, 3.32 mmol), 4,4′-di-tert-butyl- 2,2′-dipyridyl (22.3 
mg, 83 μmol, 2.5 mol %) and Bis(pinacolato)- diboron (843 mg, 3.32 mmol, 1 equiv) were 
charged. Then, this Schlenk tube was transferred in a glovebox, and [Ir(COD)OMe]2 (27.5 mg, 
41.5 μmol, 1.25 mol %) was added. The tube was closed with a septum and transferred outside 
of the glovebox. The reaction was diluted with THF (10 mL) and heated at 50 °C during 48 h. 
Afterward, THF was removed under a vacuum, and the crude was purified by column 
chromatography to yield 3.52 as a white solid (1.38 g, 3.23 mmol, 97% yield). 
1H NMR (500 MHz, CDCl3) δ (ppm) 7.61 (s, 1H), 7.14 (s, 1H), 3.78 
(s, 3H), 3.66 (s, 3H), 3.20 (s, 2H), 1.34 (s, 12H), 1.20 (s, 6H) 
13C NMR (126 MHz, CDCl3) δ (ppm) 178.2, 158.6, 131.5, 130.5, 
127.2, 114.6, 84.3, 55.7, 51.9, 43.5, 39.5, 25.6, 25.0 
IR (neat): ν (cm-1) 2977, 1720, 1350, 1141, 1046, 853, 694 
HRMS (ESI): Calcd for C19H28B
79BrNaO5 [M+Na]
+: 449.1109, found 449.1098 
Rf: 0.30 in a 80:20 mixture of pentane and ethyl acetate  
Mp: 81-84 °C 
 
Methyl 3-(2-bromo-6-methoxy-4-methylphenyl)-2,2-dimethylpropanoate (3.49): 
From 3.48: 
 
35 (3.50 g, 16.3 mmol) was dissolved in tetrachloromethane (20 mL) and N-bromosuccinimide 
(3.77 g, 21.2 mmol, 1.32 equiv) was added followed by AIBN (321 mg, 1.86 mmol, 12 mol %). 
The resulting light-yellow suspension was stirred under refluxed overnight. The reaction 




The filtrate was concentrated under reduced pressure to give an orange oil which was used 
without further purification. A solution of LDA (25.3 mmol, 1.55 equiv) in THF (25 mL) was 
prepared from freshly distilled diisopropylamine (25.3 mmol, 1.55 equiv) and 2.5 M (titrated) 
n-BuLi in hexane (10.1 mL, 25.3 mmol, 1.55 equiv), mixed for 15 min at 0 °C. To the LDA 
solution, methyl isobutyrate (24.5 mmol, 1.5 equiv) was added dropwise at 0 °C and the mixture 
was stirred at 0 °C for 45 min. Freshly prepared crude 3-bromo-2- bromomethyl-5-methyl-
methoxybenzene from the previous step was diluted in THF (16 mL) and added slowly to the 
LDA solution at 0 °C. The mixture was slowly warmed to room temperature and stirred for 16 
h. The reaction was quenched at 0 °C with water (30 mL). The mixture was extracted three 
times with diethyl ether (30 mL); the combined organic layers were washed with brine, dried 
over MgSO4, filtered and then concentrated in vacuum to give the crude ester. The crude 
material was purified by flash column chromatography to yield 36 as a colorless oil, which 
crystallized on standing (3.85 g, 12.2 mmol, 75% yield over 2 steps). 
From 3.52: 
 
in an oven dry Schlenk tube, 3.52 (1.28 g, 3 mmol) was introduced. Then, this Schlenk tube 
was transferred in a glovebox, and CuI (57 mg, 0.3 mmol, 10 mol %), LiI (80 mg, 0.6 mmol, 
20 mol %) and tBuOLi (480 mg, 6 mmol, 2 equiv) were added. The tube was closed with a 
septum and transferred outside of the glovebox. The reaction was diluted with DMI (4.5 mL) 
and trimethyl phosphate (0.73 mL, 6 mmol, 2 equiv) was added. The mixture was heated at 50 
°C during 16 h. The reaction was quenched by H2O, extracted by toluene. The organic layer 
was condensed, and the residue was purified by flash column chromatography to yield 3.49 as 
a colorless oil, which crystallized on standing (759 mg, 2.41 mmol, 80% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.00 (s, 1H), 6.57 (s, 1H), 3.72 
(s, 3H), 3.66 (s, 3H), 3.13 (s, 2H), 2.29 (s, 3H), 1.20 (s, 6H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 178.4, 158.8, 138.6, 126.9, 
125.6, 124.2, 110.4, 55.5, 51.8, 43.4, 39.0, 25.6, 21.3 
IR (neat): ν (cm-1) 2968, 1719, 1266, 1148, 1042, 822 
HRMS (ESI): Calcd for C14H19
79BrNaO3 [M+Na]
+: 337.0410, found 337.0413 






Methyl 4-methoxy-2,6-dimethyl-2,3-dihydro-1H-indene-2-carboxylate (3.53): 
 
In an oven dry catalysis tube, 3.49 (506 mg, 1.15 mmol) was introduced. Then the tube was 
transferred in a glovebox, and [Pd(π-cin)Cl]2 (29.8 mg, 57.5 μmol, 5 mol %), IBioxMe4·HOTf 
(67.7 mg, 115 μmol, 10 mol %), cesium pivalate (269 mg, 1.15 mmol, 1 equiv) and cesium 
carbonate (562 mg, 1.72 mmol, 1.5 equiv) were introduced, and the tube was closed with a 
septum. Outside of the glovebox, mesitylene (6 mL) was added. The reaction was stirred at 
room temperature for 10 min, and then, under pressure of argon, the septum was rapidly 
exchanged for a screw cap. The tube was then introduced in a 160 °C preheated aluminum 
heating block and stirred at this temperature for 18 h. After this period the reaction was cooled 
to room temperature, diluted with DCM (6 mL), filtered over a pad of Celite (washed three 
times with 6 mL of DCM). The crude material was analyzed by GC-MS, then concentrated and 
purified by flash column chromatography to yield 3.53 as a yellowish liquid (361 mg, 1.00 
mmol, 87%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.64 (s, 1H), 6.50 (s, 1H), 3.80 
(s, 7H), 3.71 (s, 6H), 3.45 (d, J = 16.0 Hz, 3H), 3.33 (d, J = 16.1 Hz, 
3H), 2.79 (d, J = 16.1 Hz, 3H), 2.76 (d, J = 16.0 Hz, 3H), 2.33 (s, 8H), 
1.36 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.4, 156.0, 143.3, 138.3, 
125.9, 117.7, 109.4, 77.4, 77.2, 76.9, 55.3, 52.2, 49.5, 44.4, 40.8, 25.6, 21.8 
IR (neat): ν (cm-1) 2950, 2843, 1730, 1593, 1461, 1317, 1199, 1111, 1083, 829 
HRMS (ESI): Calcd for C14H18NaO3 [M+Na]
+: 257.1154, found 257.1148 
Rf: 0.38 in a 95:5 mixture of pentane and ethyl acetate 
 
3-(2-bromo-6-methoxy-4-methylphenyl)-2,2-dimethylpropanoic acid (3.62): 
 
3.49 (3.5 g, 11.1 mmol) was dissolved in a mixture of THF (20 mL), MeOH (20 mL) and 2 M 




temperature, the organic solvents were removed under reduced pressure. The obtained aqueous 
solution was washed with diethyl ether, acidified to pH < 0 and extracted three times with DCM. 
The combined organic layers were then dried over MgSO4, filtered and concentrated under 
reduced pressure to yield 3.62 as a yellow solid, which was engaged in the next step without 
further purifications. 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.01 (s, 1H), 6.57 (s, 1H), 3.69 
(s, 3H), 3.19 (s, 2H), 2.29 (s, 3H), 1.22 (s, 6H). 
13C NMR (63 MHz, CDCl3): δ (ppm) 184.9, 158.8, 138.7, 126.9, 125.6, 
123.8, 110.4, 54.9, 43.2, 39.1, 25.2, 21.3 
IR (neat): ν (cm-1) 2974, 2939, 1691, 1271, 1159, 1045, 830 
HRMS (ESI): Calcd for C13H17
79BrNaO3 [M+Na]
+: 323.0253, found 323.0259 




(3.63a) and isopropyl (3-(2-bromo-6-methoxy-4-methylphenyl)-2,2-dimethylpropanoyl)-
D-prolinate (3.63c): 
 From 3.62 and H-L-Pro-OiPr•HCl or H-D-Pro-OiPr•HCl respectively using General procedure 
G. Obtained as colorless oils that solidified upon standing 3.63a (4.25 g, 9.66 mmol, 87%), 
3.63b (142 mg, 0.32 mmol, 81%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.99 (s, 1H), 6.58 (s, 1H), 
5.02 (sept, J = 6.3 Hz, 1H), 4.51-4.42 (m, 1H), 3.87-3.67 (m, 
2H), 3.73 (s, 3H), 3.21 (d, J = 13.6 Hz, 1H), 3.13 (d, J = 13.6 
Hz, 1H), 2.28 (s, 3H), 2.20-2.09 (m, 1H), 2.09-1.97 (m, 1H), 
1.95-1.76 (m, 2H), 1.29 (s, 3H), 1.25 (d, J = 6.3 Hz, 3H), 1.21 
(d, J = 6.3 Hz, 3H), 1.17 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.4, 172.5, 158.9, 
138.6, 126.9, 125.7, 124.2, 110.5, 68.1, 61.6, 55.5, 48.5, 44.1, 
36.5, 28.0, 26.4, 26.0, 25.4, 21.9, 21.8, 21.2 
IR (neat): ν (cm-1) 2977, 2932, 1741, 1615, 1400, 1161, 1040, 833 
HRMS (ESI): Calcd for C21H30
79BrNNaO4 [M+Na]
+: 462.1250, found 462.1257 
Mp: 75-79°C 
Rf: 0.24 in a 70:30 mixture of pentane and ethyl acetate 
3.63a [α]D









From 3.62 and morpholine using General procedure G. 3.63b was obtained as a wax (2.09 g, 
5.65 mmol, 63% yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.01 (s, 1H), 6.59 (s, 1H), 
3.74 (s, 3H), 3.78-3.66 (m, 8H), 3.17 (s, 2H), 2.29 (s, 3H), 1.22 (s, 
6H) 
13C NMR (63 MHz, CDCl3): δ (ppm) 176.5, 158.6, 138.6, 126.7, 
125.6, 124.0, 110.4, 66.9, 55.4, 46.0, 43.5, 37.0, 26.8, 21.1 
IR (neat): ν (cm-1) 2966, 2854, 1629, 1406, 1268, 1115, 1041, 831 
HRMS (ESI): Calcd for C17H24
79BrNNaO3 [M+Na]
+: 378.0832, found 392.0828 





In an oven dry catalysis tube, 3.63a (506 mg, 1.15 mmol) was introduced. Then the tube was 
transferred in a glovebox, and [Pd(π-cin)Cl]2 (29.8 mg, 57.5 μmol, 5 mol %), L3 (67.7 mg, 115 
μmol, 10 mol %), cesium pivalate (269 mg, 1.15 mmol, 1 equiv) and cesium carbonate (562 
mg, 1.72 mmol, 1.5 equiv) were introduced, and the tube was close with a septum. Outside of 
the glovebox, mesitylene (6 mL) was added. The reaction was stirred at room temperature for 
10 min, and then, under pressure of argon, the septum was rapidly exchange for a screw cap. 
The tube was then introduced in a 160 °C preheated aluminum heating block and stirred at this 
temperature for 18 h. After this period the reaction was cooled to room temperature, diluted 
with DCM (6 mL), filtered over a pad of Celite (washed three times with 6 mL of DCM). The 
crude material was analyzed by GC-MS, then concentrated and purified by flash column 





1H NMR (500 MHz, CDCl3): δ (ppm) 6.64 (s, 1H), 6.50 (s, 1H), 
5.02 (sept, J = 6.2 Hz, 1H), 4.48 (dd, J = 8.6, 4.8 Hz, 1H), 3.79 
(s, 3H), 3.78-3.59 (m, 2H), 3.56 (d, J = 16.3 Hz, 1H), 3.33 (d, J 
= 16.2 Hz, 1H), 2.89 (d, J = 16.2 Hz, 1H), 2.80 (d, J = 16.3 Hz, 
1H), 2.33 (s, 3H), 2.21-2.10 (m, 1H), 2.09-2.00 (m, 1H), 1.97-
1.81 (m, 2H), 1.34 (s, 3H), 1.25 (d, J = 6.2 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 175.9, 172.2, 156.1, 143.1, 138.2, 125.6, 117.7, 109.2, 
68.2, 60.9, 55.2, 49.7, 47.7, 44.7, 40.4, 28.3, 25.9, 25.4, 21.9, 21.8, 21.8  
IR (neat): ν (cm-1) 2976, 1736, 1626, 1400, 1185, 1108, 1085, 830 
HRMS (ESI): Calcd for C21H29NNaO4 [M+Na]
+: 382.1989, found 382.1994 
Rf: 0.29 in a 70:30 mixture of pentane and ethyl acetate 
HPLC separation: with IBioxMe4·HOTf Chiralpak
® IA; 95:5 (n-heptane/i-PrOH), 1.0 ml.min-
1, 205 nm, tR (major) = 12.8 min, tR (minor) = 22.2 min, 66:34 e.r. 
With 3.29 Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 ml.min-1, 205 nm, tR (major) = 12.8 




From 3.63b using General procedure H. 3.64b was obtained as a wax (50.4 mg, 0.17 mmol, 
87%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.65 (s, 1H), 6.51 (s, 1H), 
3.80 (s, 3H), 3.71-3.64 (m, 4H), 3.64-3.53 (m, 4H), 3.55 (d, J = 16.7 
Hz, 1H), 3.27 (d, J = 16.4 Hz, 1H), 2.88 (d, J = 16.4 Hz, 1H), 2.82 
(d, J = 16.7 Hz, 1H), 2.33 (s, 3H), 1.35 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 176.1, 156.1, 142.7, 138.6, 
125.2, 117.7, 109.3, 67.0, 55.2, 49.2, 46.0, 41.6, 27.3, 21.8 
IR (neat): ν (cm-1) 2922, 2854, 1627, 1415, 1114, 1031, 850 
HRMS (ESI): Calcd for C16H21NNaO3 [M+Na]
+: 312.1570, found 312.1571 
Rf: 0.26 in a 50:50 mixture of pentane and ethyl acetate 
HPLC separation: Chiralpak® IA; 95:5 (n-heptane/i-PrOH), 1.0 mL.min-1, 207 nm, tR (major) 





(S)-4-hydroxy-2,6-dimethyl-2,3-dihydro-1H-indene-2-carboxylic acid (3.54): 
 
 
To 3.64a (931 mg, 2.59 mmol) was added glacial acetic acid (8 mL) and 48% aqueous 
hydrobromic acid (40 mL). The reaction mixture was refluxed for 2 h. After this period, the 
reaction was diluted with water (50 mL) and extracted with DCM (3 × 50 mL). The combined 
organic layers were dried over MgSO4, filtered and concentrated under reduced pressure. Two 
portions of toluene (10 mL) were added and evaporated to remove the last traces of AcOH. The 
crude material was purified by flash chromatography using cyclohexane/EtOAc (6:4) affording 
45 (491 mg, 2.38 mmol, 92%) as a light yellow solid. Then the product was enantioenriched by 
recrystallization as follows: the purified product was solubilized under heating in a mixture of 
CHCl3 and cyclohexane (3:1) (proportion 40 mg/mL). The solution was then stored at room 
temperature for 4 days for crystallization. After separation, nearly racemic crystals (187 mg, 
0.908 mmol, 35%) and concentrated enantioenriched mother liquor (304 mg, 1.47 mmol, 57%) 
were engaged in the next step to measure the enantiomeric ratio by HPLC using a chiral 
stationary phase. Racemic material was prepared using the same procedure from racemic 3.53 
(890 mg, 3.80 mmol), glacial acetic acid (12 mL) and 48% aqueous hydrobromic acid (58 mL) 
to yield racemic 3.54 (682 mg, 3.31 mmol, 87%). 
1H NMR (500 MHz, DMSO-d6): δ (ppm) 12.24 (bs, 1H), 9.03 (bs, 1H), 
6.45 (s, 1H), 6.39 (s, 1H), 3.27 (d, J = 16.3 Hz, 1H), 3.16 (d, J = 16.3 
Hz, 1H), 2.60 (d, J = 16.3 Hz, 1H), 2.63 (d, J = 16.3 Hz, 1H),  2.16 (s, 
3H), 1.25 (s, 3H) 
13C NMR (126 MHz, DMSO-d6): δ (ppm) 178.7, 153.3, 143.2, 136.9, 
123.9, 116.0, 113.7, 48.8, 43.8, 40.2, 25.1, 21.0 
IR (neat): ν (cm-1) 3282, 2924, 1696, 1306, 1121, 835 
HRMS (ESI): Calcd for C12H14NaO3 [M+Na]
+: 229.0835, found 229.0838 
Rf: 0.25 in a 60:40 mixture of pentane and ethyl acetate 
Mp: 160-163°C 
[α]D





Methyl (S)-4-(allyloxy)-2,6-dimethyl-2,3-dihydro-1H-indene-2-carboxylate (3.55): 
 
3.54 (304 mg, 1.47 mmol) was dissolved in DMF (12 mL) and KHCO3 (442 g, 4.41 mmol, 3 
equiv) was added. The suspension was stirred for 10 min at room temperature, and then 
iodomethane (0.28 mL, 4.41 mmol, 3 equiv) was added. The mixture was stirred at 40 °C until 
total consumption of starting material (approximately 3 h). To remove the excess of 
iodomethane, the reaction was heated to 65 °C under a flow of argon for 15 min. After this 
period, the temperature was lowered to 40 °C, then NaH (106 mg, 4.41 mmol, 3 equiv) and allyl 
bromide (0.40 mL, 4.41 mmol, 3 equiv) were added successively carefully. The reaction 
mixture was stirred for 30 min and then cooled with an ice bath, and then water (30 mL) was 
added. The reaction was extracted three times with DCM (15 mL); the combined organic phases 
were dried over MgSO4, filtered and concentrated under reduced pressure. The crude material 
was purified by flash column chromatography using cyclohexane/EtOAc (9:1) leading to 3.55 
as a light-yellow oil (315 mg, 1.21 mmol, 82%). Racemic material was prepared using the same 
procedure from racemic 3.54 (650 mg, 3.15 mmol), KHCO3 (947 mg, 9.45 mmol, 3 equiv), 
iodomethane (0.59 mL, 9.45 mmol, 3 equiv), NaH (227 mg, 9.45 mmol, 3 equiv) and allyl 
bromide (0.82 mL, 9.45 mmol, 3 equiv) to yield racemic 3.55 (730 mg, 2.80 mmol, 89%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.65 (s, 1H), 6.50 (s, 1H), 6.06 
(ddt, J = 17.2, 10.5, 5.1 Hz, 1H), 5.42 (dq, J = 17.2, 1.6 Hz, 1H), 5.27 
(dq, J = 10.5, 1.6 Hz, 1H), 4.53 (dt, J = 5.1, 1.6 Hz, 2H), 3.72 (s, 3H), 
3.47 (d, J = 16.1 Hz, 1H), 3.37 (d, J = 16.1 Hz, 1H), 2.84 (d, J = 16.1 
Hz, 1H), 2.77 (d, J = 16.1 Hz, 1H), 2.32 (s, 3H), 1.37 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.3, 155.1, 143.3, 138.1, 
133.7, 126.3, 117.9, 117.1, 110.6, 68.7, 52.2, 49.5, 44.4, 40.8, 25.6, 21.8 
IR (neat): ν (cm-1) 2926, 1730, 1591, 1315, 1112, 1073, 829 
HRMS (ESI): Calcd for C16H20NaO3 [M+Na]
+: 283.1305, found 283.1307 
Rf: 0.25 in a 95:5 mixture of pentane and ethyl acetate 
[α]D
23: + 5.2° (c = 1.00, CHCl3) 
HPLC separation: Chiralpak® IA; 99:1 (n-heptane/i-PrOH), 1.0 ml.min-1, 208 nm, tR (major) 





Methyl (S)-5-allyl-4-hydroxy-2,6-dimethyl-2,3-dihydro-1H-indene-2-carboxylate (3.56): 
 
A sealed tube charged with 3.55 (204 mg, 0.784 mmol) and N,N-diethylaniline (3 mL) was 
heated under stirring at 200 °C for 24 h. After this period, the reaction was poured into 1 M 
HCl (30 mL) and extracted three times with DCM (30 mL). The combined organic layers were 
dried over MgSO4, filtered and concentrated under reduced pressure. The crude material was 
purified by flash chromatography using cyclohexane/EtOAc (9:1) leading to 3.56 (163 mg, 
0.626 mmol, 80%) as a yellow oil which solidified on standing. Racemic material was prepared 
using the same procedure from racemic 3.55 (700 mg, 2.69 mmol) to yield racemic 3.56 (616 
mg, 2.37 mmol, 88%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.65 (s, 1H), 5.95 (ddt, J = 
17.1, 10.2, 5.9 Hz, 1H), 5.07 (dq, J = 10.2, 1.8 Hz, 1H), 5.05 (dq, J 
= 17.1, 1.8 Hz, 1H), 4.79 (s, 1H), 3.72 (s, 3H), 3.44 (d, J = 16.0 Hz, 
1H), 3.40 (dt, J = 5.9, 1.8 Hz, 2H), 3.37 (d, J = 15.6 Hz, 1H), 2.77 
(d, J = 16.0 Hz, 1H), 2.76 (d, J = 15.6 Hz, 1H), 2.26 (s, 3H), 1.38 
(s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.2, 150.6, 1401.0, 136.8, 136.0, 124.6, 121.6, 118.9, 
115.5, 52.3, 49.8, 44.3, 40.3, 30.8, 25.6, 20.0 
IR (neat): ν (cm-1) 3464, 2929, 1712, 1195, 1113, 909 
HRMS (ESI): Calcd for C16H20NaO3 [M+Na]
+: 283.1305, found 283.1308 
Rf: 0.25 in a 85:15 mixture of pentane and ethyl acetate 
Mp: 65-67°C 
[α]D
23: + 10.8° (c = 1.00, CHCl3) 
HPLC separation: Chiralpak® IA; 97:3 (n-heptane/i-PrOH), 1.0 ml.min-1, 208 nm, tR (minor) 









In a round-bottom flask containing a stirred biphasic solution of 3.56 (102 mg, 0.392 mmol) in 
EtOAc (10 mL) and water (5 mL) was added OsO4 (5.0 mg, 19.6 μmol, 5 mol %). After 5 min, 
NaIO4 (210 mg, 0.98 mmol, 2.5 equiv) was added in two portions separated by 5 min. The 
solution was vigorously stirred for 3 h at room temperature. The layers were separated and the 
aqueous phase was extracted twice with ethyl acetate (6 mL). The combined organic layers 
were dried over MgSO4, filtered and concentrated under reduced pressure. The crude material 
was diluted in MeOH (10 mL) and cooled to 0 °C. After this, NaBH4 (44.5 mg, 1.18 mmol, 3 
equiv) was added and the reaction was allowed to reach room temperature. After 30 min, H2O 
was added and the reaction was extracted three times with ethyl acetate (6 mL). The combined 
organic phases were dried over MgSO4, filtered and concentrated under reduced pressure. The 
crude material was purified by flash chromatography using cyclohexane/ EtOAc (6:4) leading 
to 3.57 (78 mg, 0.295 mmol, 75%) as a light yellow oil. Racemic material was prepared using 
the same procedure from racemic 3.56 (257 mg, 0.987 mmol), OsO4 (12.5 mg, 49.4 μmol, 5 
mol %), NaIO4 (528 mg, 2.47 mmol, 2.5 equiv) and NaBH4 (112 mg, 2.96 mmol, 3 equiv) to 
yield racemic 3.57 (195 mg, 0.737 mmol, 75%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.63 (s, 1H), 3.95 – 3.86 
(m, 2H), 3.71 (s, 3H), 3.42 (d, J = 16.0 Hz, 1H), 3.37 (d, J = 16.0 
Hz, 1H), 2.88 (dd, J = 6.4, 4.6 Hz, 2H), 2.82 (d, J = 16.0 Hz, 1H), 
2.75 (d, J = 16.0 Hz, 1H), 2.24 (s, 3H), 1.36 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.6, 151.9, 141.3, 
136.1, 126.2, 123.1, 118.7, 64.0, 52.2, 49.6, 44.3, 40.9, 29.4, 25.6, 20.3 
IR (neat): ν (cm-1) 3313, 2924, 1722, 1188, 1110, 905 
HRMS (ESI): Calcd for C15H20NaO4 [M+Na]
+: 287.1254, found 287.1256 
Rf: 0.26 in a 70:30 mixture of pentane and ethyl acetate 
[α]D







Title compound was made following a procedure of Yakura.231 In a round-bottom flask 
equipped with a condenser, 3.57 (66 mg, 0.25 mmol) and LiOH (157 mg, 3.75 mmol, 15 equiv) 
in 1,4-dioxane/H2O (1:1, 6 mL) were refluxed for 1.5 h. After this period, the mixture was 
acidified with 1 M HCl and extracted three times with EtOAc (15 mL). The combined organic 
layers were dried over MgSO4, filtered and concentrated under reduced pressure. The crude 
material was diluted in a mixture of 2,2,2-trifluoroethanol/H2O (1:2, 3 mL). Then Oxone (305 
mg, 0.992 mmol, 4 equiv) and 4-iodophenoxyacetic acid (7.0 mg, 24.8 μmol, 10 mol %) were 
added at room temperature. The reaction mixture was stirred until total consumption of starting 
material (approximately 1 h), then EtOAc and water were added (5 mL each). The layers were 
separated and the aqueous layer was extracted with EtOAc. The combined organic layers were 
dried over MgSO4, filtered and concentrated under reduced pressure. The crude material was 
purified by flash chromatography using DCM/MeOH (93:7) leading to (S)-(+)-puraquinonic 
acid (54.0 mg, 0.204 mmol, 82% over two steps) as a yellow oil. Racemic material was prepared 
using the same procedure from racemic 3.57 (29.2 mg, 0.110 mmol), LiOH (39.7 mg, 1.66 
mmol, 15 equiv), Oxone (135.8 mg, 0.442 mmol, 4 equiv) and 4-iodophenoxyacetic acid (3.1 
mg, 11.0 μmol, 10 mol %) to yield racemic puraquinonic acid (25.1 mg, 0.095 mmol, 86%) 
1H NMR (500 MHz, CDCl3): δ (ppm) 3.76 (t, J = 6.4 Hz, 2H), 
3.41-3.34 (m, 2H), 2.79 (t, J = 6.4 Hz, 2H), 2.77-2.71 (m, 2H), 2.07 
(s, 3H), 1.42 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 186.4, 185.9, 181.7, 145.9, 
145.5, 143.0, 141.5, 61.6, 47.1, 42.5, 42.4, 30.0, 25.8, 12.4 
Spectroscopic data are consistent with those previously reported 
for synthetic material.205 
IR (neat): ν (cm-1) 3394, 2925, 1706, 1221, 1172, 1103, 914 
HRMS (ESI): Calcd for C14H16NaO5 [M+Na]
+: 287.0890, found 287.0891 
Rf: 0.12 in a 95:5 mixture of DCM and methanol 
[α]D




Reported value for the natural material (R): [α]D





In a round-bottom flask containing a stirred biphasic solution of 3.56 (114 mg, 0.438 mmol) in 
EtOAc (14 mL) and water (7 mL) was added OsO4 (5.57 mg, 21.9 μmol, 5 mol %). After 5 min, 
NaIO4 (234 mg, 1.10 mmol, 2.5 equiv) was added in two portions separated by 5 min. The 
solution was vigorously stirred for 3 h at room temperature. The layers were separated and the 
aqueous layer was extracted twice with EtOAc (8 mL). The combined organic layers were dried 
over MgSO4, filtered and concentrated under reduced pressure. The crude material was diluted 
in dry THF (10 mL) and cooled to 0 °C. After this, LiAlH4 (49.9 mg, 1.31 mmol, 3 equiv) was 
added and the reaction was allowed to reach room temperature. After 1 h, H2O was added and 
the reaction was extracted three times with ethyl acetate (8 mL). The combined organic phases 
were dried over MgSO4, filtered and concentrated under reduced pressure. Then, the crude 
material was diluted in a mixture of 2,2,2-trifluoroethanol/H2O (1:2, 9 mL). Then Oxone (541 
mg, 1.76 mmol, 4 equiv) and 4-iodophenoxyacetic acid (12.2 mg, 44.0 μmol, 10 mol %) were 
added at room temperature. The reaction mixture was stirred until total consumption of the 
starting material (approximately 1 h), and then EtOAc and water were added (10 mL each). The 
layers were separated and the aqueous layer was extracted with EtOAc. The combined organic 
layers were dried over MgSO4, filtered and concentrated under reduced pressure. The crude 
material was purified by flash chromatography using DCM/ MeOH (93:7) leading to (S)-(+)-
deliquinone (62.7 mg, 0.276 mmol, 62% over two steps) as a yellow oil. Racemic material was 
prepared using the same procedure from racemic 3.56 (220 mg, 0.845 mmol), OsO4 (11.1 mg, 
43.7 μmol, 5 mol %), NaIO4 (450 mg, 2.10 mmol, 2.5 equiv), LiAlH4 (98.0 mg, 2.58 mmol, 3 
equiv), Oxone (1,04 g, 3.38 mmol, 4 equiv) and 4-iodophenoxyacetic acid (22.1 mg, 84.5 μmol, 




1H NMR (500 MHz, CDCl3): δ (ppm) 3.74 (t, J = 6.5 Hz, 2H), 
3.49 (s, 2H), 2.87-2.80 (m, 2H), 2.78 (t, J = 6.5 Hz, 2H), 2.53-
2.47 (m, 2H), 2.06 (s, 3H), 1.75 (brs, 1H), 1.69 (brs, 1H), 1.16 (s, 
3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 187.0, 186.4, 147.2, 146.8, 
142.8, 141.4, 70.2, 61.7, 43.0, 40.8, 40.7, 30.1, 25.0, 12.3 
Spectroscopic data are consistent with those previously reported for natural material.194 
IR (neat): ν (cm-1) 3395, 2925, 1644, 1249, 1033 
HRMS (ESI): Calcd for C14H18NaO4 [M+Na]
+: 273.1097, found 273.1095 
Rf: 0.28 in a 95:5 mixture of DCM and methanol 
[α]D
23: + 0.9° (c = 1.00, CHCl3)  
Reported value for the natural material (R): [α]D





To a solution of 3.56 (58.1 mg, 0.223 mmol) in DCM (1.2 mL), pyridine (54 μL, 0.669 mmol, 
3 equiv) and trifluoromethanesulfonic anhydride (41 μL, 0.245 mmol, 1.1 equiv) were added. 
The reaction mixture was stirred at room temperature during 6 h. The reaction was then 
concentrated and purified by flash column chromatography to yield 3.60 (80.9 mg, 0.206 mmol, 
93%) as a colorless liquid. Racemic material was prepared using the same procedure from 
racemic 3.56 (50 mg, 0.192 mmol), pyridine (47 μL, 0.576 mmol, 3 equiv) and 
trifluoromethanesulfonic anhydride (36 μL, 0.211 mmol, 1.1 equiv) to yield racemic 3.60 (87.1 
mg, 0.167 mmol, 87%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.03 (s, 1H), 5.83 (ddt, J = 
17.1, 10.1, 5.8 Hz, 1H), 5.04 (dq, J = 10.1, 1.7 Hz, 1H), 4.89 (dq, J 
= 17.1, 1.7 Hz, 1H), 3.72 (s, 3H), 3.54 (d, J = 16.3 Hz, 1H), 3.49 
(d, J = 16.1 Hz, 1H), 3.45 (dt, J = 5.8, 1.7 Hz, 2H), 2.95 (d, J = 16.3 
Hz, 1H), 2.82 (d, J = 16.1 Hz, 1H), 2.30 (s, 2H), 1.37 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 177.3, 144.3, 142.9, 139.0, 134.4, 132.0, 129.2, 126.7, 




19F NMR (376 MHz, CDCl3) δ (ppm) -73.8 
IR (neat): ν (cm-1) 2955, 1735, 1405, 1206, 1137, 817 
HRMS (ESI): Calcd for C17H19F3NaO5S [M+Na]
+: 415.0798, found 415.0795 
Rf: 0.25 in a 95:5 mixture of pentane and ethyl acetate 
[α]D
23: + 4.0° (c = 1.09, CHCl3) 
 
Methyl (S)-5-allyl-2,4,6-trimethyl-2,3-dihydro-1H-indene-2-carboxylate (3.61): 
 
Title compound was made following a procedure of Woodward.232 In an oven dry catalysis 
tube, 3.60 (80 mg, 0.204 mmol) was introduced. Then the tube was transferred in a glovebox, 
and [Pd2dba3·CHCl3] (5.3 mg, 5.1 μmol, 2.5 mol %) and XPhos (5.0 mg, 10.2 μmol, 5 mol %) 
were introduced, and the tube was closed with a septum. Outside of the glovebox, THF (2.5 
mL) and DABAL-Me3 (41.8 mg, 0.163 mmol, 0.8 equiv, as a solution in 0.8 mL of THF) were 
added. The septum was rapidly exchanged for a screw cap. The tube was then introduced in a 
75 °C preheated aluminum heating block and stirred at this temperature for 4 h. After this period 
the reaction was cooled to room temperature, quenched with 2 M HCl (2 mL), and extracted 
three times with diethyl ether (3 mL). The combined organic layers were dried over MgSO4, 
filtered and concentrated under reduced pressure. The crude material was purified by flash 
column chromatography to yield 3.61 as a colorless liquid (51.7 mg, 0.200 mmol, 98%). 
Racemic material was prepared using the same procedure from racemic 3.60 (50.2 mg, 0.128 
mmol), [Pd2dba3·CHCl3] (3.3 mg, 3.2 μmol, 2.5 mol %), XPhos (3.2 mg, 6.4 μmol, 5 mol %) 
and DABAL-Me3 (26.3 mg, 0.102 mmol, 0.8 equiv) to yield racemic 3.61 (32.4 mg, 0.167 
mmol, 98%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.88 (s, 1H), 5.88 (ddt, J = 
17.1, 10.1, 5.7 Hz, 1H), 4.99 (dq, J = 10.1, 1.8 Hz, 1H), 4.88 (dq, J 
= 17.1, 1.8 Hz, 1H), 3.72 (s, 3H), 3.46 (d, J = 15.9 Hz, 1H), 3.40 (d, 
J = 15.9 Hz, 1H), 3.38 (dt, J = 5.7, 1.8 Hz, 3H), 2.79 (d, J = 15.9 
Hz, 1H), 2.78 (d, J = 15.9 Hz, 1H), 2.27 (s, 3H), 2.18 (s, 3H), 1.37 
(s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 178.5, 138.8, 138.3, 135.8, 135.3, 134.3, 132.7, 124.0, 




IR (neat): ν (cm-1) 2931, 1732, 1208, 1112, 911 
HRMS (ESI): Calcd for C17H22NaO2 [M+Na]
+: 281.1512, found 281.1508 
Rf: 0.33 in a 95:5 mixture of pentane and ethyl acetate 
[α]D




In a round-bottom flask containing a stirred biphasic solution of 3.61 (51.7 mg, 0.200 mmol) in 
EtOAc (4 mL) and water (2 mL) was added OsO4 (2.5 mg, 10.0 μmol, 5 mol %). After 5 min, 
NaIO4 (107 mg, 0.500 mmol, 2.5 equiv) was added in two portions separated by 5 min. The 
solution was vigorously stirred for 3 h at room temperature. The layers were separated and the 
aqueous layer was extracted twice with EtOAc (5 mL). The combined organic layers were dried 
over MgSO4, filtered and concentrated under reduced pressure. The crude material was diluted 
in dry THF (5 mL) and cooled to 0 °C. After this, LiAlH4 (22.8 mg, 0.600 mmol, 3 equiv) was 
added and the reaction was allowed to reach room temperature overnight. After this period, 
H2O was added and the reaction was extracted three times with ethyl acetate (5 mL). The 
combined organic phases were dried over MgSO4, filtered and concentrated under reduced 
pressure. The crude material was purified by flash column chromatography to yield (S)-(+)-
russujaponol F as a colorless oil (39.8 mg, 0.170 mmol, 85%). Racemic material was prepared 
using the same procedure from racemic 3.61 (20.5 mg, 0.079 mmol), OsO4 (1.0 mg, 4.0 μmol, 
5 mol %), NaIO4 (42.5 mg, 0.199 mmol, 2.5 equiv) and LiAlH4 (9.1 mg, 0.238 mmol, 3 equiv) 
to yield racemic russujaponol F (16.2 mg, 0.069 mmol, 87%). 
1H NMR (400 MHz, C5D5N): δ (ppm) 6.90 (s, 1H), 5.76 (bs, 2H), 
3.99 (t, J = 7.6 Hz, 2H), 3.75 (s, 2H), 3.18 (d, J = 15.9 Hz, 1H), 
3.15 (t, J = 7.6 Hz, 2H), 3.09 (d, J = 15.8 Hz, 1H), 2.71 (d, J = 
15.8 Hz, 1H), 2.60 (d, J = 15.9 Hz, 1H), 2.37 (s, 3H), 2.24 (s, 3H), 
1.35 (s, 3H) 
13C NMR (126 MHz, C5D5N): δ (ppm) 140.9, 140.7, 135.3, 134.1, 133.3, 125.0, 70.3, 62.0, 
45.4, 43.9, 43.1, 34.5, 25.6, 20.9, 16.5 




 1H NMR (400 MHz, CDCl3): δ (ppm) 6.86 (s, 1H), 3.74 (t, J = 7.5 Hz, 2H), 3.52 (s, 2H), 2.95 
(t, J = 7.5 Hz, 2H), 2.88 (d, J = 16.0 Hz, 1H), 2.84 (d, J = 16.0 Hz, 1H), 2.63 (d, J = 16.0 Hz, 
1H), 2.59 (d, J = 16.0 Hz, 1H), 2.32 (s, 3H), 2.22 (s, 3H), 1.18 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 140.3, 139.8, 135.3, 133.2, 132.3, 124.4, 71.1, 62.1, 
44.3, 43.1, 42.4, 32.9, 24.6, 20.5, 16.2 
IR (neat): ν (cm-1) 3313, 2920, 2867, 1460, 1037 
HRMS (ESI): Calcd for C15H22NaO2 [M+Na]
+: 257.1512, found 257.1514 
Rf: 0.23 in a 50:50 mixture of pentane and ethyl acetate 
[α]D
23: + 1.0° (c = 1.07, CHCl3) 
[α]D
20: + 2.1° (c = 0.53, MeOH)  
Reported value for the natural material (S): [α]D





6.3.6. Determination of Configuration - VCD and NOESY 
 
(S)-4-methoxy-2,6-dimethyl-2,3-dihydro-1H-indene-2-carboxylic acid (3.65):  
3.54 (120 mg, 0.58 mmol) was dissolved in DMF (5 mL) and K2CO3 (401 mg, 2.9 mmol, 5 
equiv) was added, the mixture was then stirred during 5 min at room temperature. After this 
period, methyl iodide (0.18 mL, 2.9 mmol, 5 equiv) was added in one portion and the reaction 
was stirred at 50°C during 2h. The reaction was then diluted with water, extracted with EtOAc 
and concentrated to yield 11’, which was used in the next step without further purification. 11’ 
was dissolved in a mixture of THF (1.5 mL), MeOH (1.5 mL) and 2M aqueous LiOH (1.5 ml). 
The reaction was then heat at 80°C for 6 hours. After cooling to room temperature, the organic 
solvents were removed under reduced pressure. The obtained aqueous solution was washed 
with diethyl ether, acidified to pH<0 and extracted three times with DCM. The combined 
organic layers were then dry over MgSO4, filtered and concentrated under reduced pressure. 
The crude material was purified by flash column chromatography to yield the corresponding 
pure 3.65 (105 mg, 0.48 mmol, 82%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.65 (s, 1H), 6.51 (s, 1H), 3.81 
(s, 3H), 3.48 (d, J = 16.0 Hz, 1H), 3.39 (d, J = 16.1 Hz, 1H), 2.81 (d, J 
= 16.1 Hz, 1H), 2.79 (d, J = 16.0 Hz, 1H), 2.33 (s, 3H), 1.41 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 184.3, 156.0, 143.1, 138.4, 
125.8, 117.7, 109.4, 55.3, 49.5, 44.2, 40.6, 25.3, 21.8 
IR (neat): ν (cm-1) 2969, 2913, 2852, 1693, 1589, 1461, 1311, 1229, 1078, 825 
HRMS (ESI): Calcd for C13H16NaO3 [M+Na]
+: 243.0992, found 243.0993 
Rf: 0.26 in a 80:20 mixture of pentane and ethyl acetate 
Mp: 98-101°C 
[α]D






IR and vibrational circular dichroism (VCD) spectra were recorded on a Bruker PMA 50 
accessory coupled to a Tensor 27 Fourier transform infrared spectrometer. A photoelastic 
modulator (Hinds PEM 90) set at l/4 retardation was used to modulate the handedness of the 
circular polarized light. Demodulation was performed by a lock-in amplifier (SR830 DSP). An 
optical low-pass filter (< 1800 cm-1) in front of the photoelastic modulator was used to enhance 
the signal/noise ratio. A solution of 8 mg in 200 μl CDCl3 of 12b was prepared and measured 
in a transmission cell equipped with CaF2 windows and a 200 mm spacer. The VCD spectrum 
of the pure solvent served as the reference and was subtracted from the VCD spectrum of the 
compound in order to eliminate artefacts. For both the sample and the reference, ca. 40’000 
scans at 4 cm-1 resolution were averaged. 
 
Calculations: 
Density functional theory (DFT) as implemented in Gaussian09 was used to study the 
conformation and to calculate the corresponding IR and VCD spectra. The calculations were 
performed using the b3pw91 functional and a 6-31+G(d,p) basis set. The solvent was 
considered with a polarizable continuum model for chloroform, as implemented in Gaussian09, 
Revision C.01. Prior to the calculation of the spectra all degrees of freedom were completely 
relaxed. IR and VCD spectra were constructed from calculated dipole and rotational strengths 
assuming Gaussian band shape with a half-width at half-maximum of 4 cm-1. Frequencies were 
scaled by a factor of 0.97. To calculate the Boltzmann distribution of the different conformers 
a thermal free energy correction was applied. 
 
Conformational search: 
A systematic conformation search of 3.65 was done. Conformational degrees of freedom are 
the orientation of the methyl group (methoxy), the orientation of the acid group and the five-
membered ring, which is not planar. For the methoxy group only one conformation was 
considered because the other conformations are high up in energy and therefore not populated 
at room temperature. In total six conformers were found (Figure 6.1) differing in the orientation 
of the acid group and the conformation at the five-membered ring. 
 
Assignment of absolute configuration: 
As is evident from the comparison of the calculated VCD spectra of the individual conformers 




VCD spectrum depends on the Boltzmann weights and hence the relative free energy of the 
conformers, which is challenging to calculate accurately. However, there are some bands that 
have the same sign for all conformers (marked in Figure 6.4 and Figure 6.5). Based on these 
bands and the overall shape of the VCD spectrum the absolute configuration can be assigned. 
The comparison between experiment and calculations show that the sample analyzed has the 
same absolute configuration as the enantiomer considered in the calculations. Therefore, we 
can assign the absolute configuration as the (S)-enantiomer. 
 
Figure 6.1. Six conformers of 3.65 found by the systematic conformational search. The numbers show the 





Figure 6.2. Calculated infrared spectra for the six conformers. Frequencies are scaled by 0.97. 
 
Figure 6.3. Comparison between experimental (black) and calculated (red) infrared spectra of 3.65. The 
calculated spectrum is the linear combination (Boltzmann weighted) of the spectra of the conformers. 






Figure 6.4. Calculated VCD spectra for the six conformers. Frequencies are scaled by 0.97. The green and red 
areas mark bands that show the same sign for all conformers. These bands are particularly meaningful for the 
assignment of the absolute configuration because the sign does not depend on distribution of conformers 
(Boltzmann factors). 
 
Figure 6.5. Comparison between experimental (black) and calculated (red) VCD spectra of 3.65. The calculated 
spectrum is the linear combination (Boltzmann weighted) of the spectra of the conformers. Frequencies are 
scaled by 0.97 for the calculated spectrum. The green and red areas mark bands that show the same sign for all 





yl)-2-phenylpropanamideacid (3.66a) and (S)-3,3,3-trifluoro-2-methoxy-N-((S)-4-
methoxy-2,6-dimethyl-2,3-dihydro-1H-inden-2-yl)-2-phenylpropanamideacid (3.66b):  
3.65 (100 mg, 0.46 mmol) was suspended in toluene (4.0 mL). Triethylamine (77 μL, 0.552 
mmol, 1.2 equiv) was added, followed by the addition of diphenylphosphonic azide (103 μL, 
0.46 mmol, 1 equiv). The mixture was stirred at room temperature for 2 hours. Then the mixture 
was heated at 90°C for 1 hour. The mixture was cooled down and poured into ice-cold 6M 
aqueous HCl (4 mL) and stirred overnight. The aqueous layer was collected, cooled down at 
0°C, basified with 2M NaOH, and extracted three times with DCM (5 mL). The combined 
organic phases were dried over MgSO4, filtered and concentrated under reduced pressure to 
give the corresponding crude amine (60.1 mg, 0.314 mmol, 68%). After NMR analysis, the 
crude amine was considered enough pure to be engaged in the next step. 
(R)- or (S)-Mosher acid (16.7 mg, 0.072 mmol, 1.1 equiv) was dissolved in dry DCM (0.85 
mL), then oxalyl chloride (7 μL, 0.075 mmol, 1.15 equiv) was added, follow by one drops of a 
10% solution of DMF in DCM to initiate the reaction. After 1 hour of stirring at room 
temperature, crude amine (12.4 mg, 0.065 mmol), NEt3 (34 μL, 0.195 mmol, 3 equiv) and a 
crystal of DMAP were added. The mixture was stirred for 16 hours at room temperature. The 
reaction was then concentrated under reduced pressure and purified by flash column 
chromatography to yield the corresponding pure 3.66a (15.6 mg, 0.038 mmol, 59%) and 3.66b 
(18.9 mg, 0.046 mmol, 71%) amides as colorless waxes. 
1H NMR (600 MHz, CDCl3): δ (ppm) 7.54-7.49 (m, 2H), 7.41-
7.36 (m, 3H), 6.84 (s, 1H), 6.63 (s, 1H), 6.50 (s, 1H), 3.79 (s, 3H), 
3.35 (d, J = 16 Hz, 1H), 3.35-3.34 (m, 3H), 3.11 (d, J = 16.0 Hz, 
1H), 3.05 (d, J = 16.0 Hz, 1H), 3.01 (d, J = 16.0 Hz, 1H), 2.32 (s, 
3H), 1.55 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 165.9, 156.0, 143.0, 138.4, 133.1, 129.5, 128.6, 127.7, 
125.1, 124.0 (q, J = 290.0 Hz), 117.8, 109.5, 84.1 (q, J = 25.8 Hz), 61.5, 55.3, 55.0, 46.3, 43.2, 
29.9, 25.7, 21.9 
19F NMR (376 MHz, CDCl3): δ (ppm) -68.8 
IR (neat): ν (cm-1) 3415, 2926, 2848, 1694, 1510, 1159, 1081, 833 
HRMS (ESI): Calcd for C22H24F3NNaO3 [M+Na]
+: 430.1600, found 430.1601 
Rf: 0.32 in a 90:10 mixture of pentane and ethyl acetate 
[α]D





1H NMR (600 MHz, CDCl3): δ (ppm) 7.51-7.47 (m, 2H), 7.40-
7.34 (m, 3H), 6.87 (s, 1H), 6.62 (s, 1H), 6.50 (s, 1H), 3.79 (s, 3H), 
3.37-3.35 (m, 3H), 3.31 (d, J = 16.0 Hz, 1H), 3.15 (d, J = 16.0 Hz, 
1H), 3.03 (d, J = 16.0 Hz, 1H), 3.02 (d, J = 16.0 Hz, 1H), 2.33 (s, 
3H), 1.56 (s, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 165.8, 156.0, 142.9, 138.4, 133.0, 129.5, 128.6, 127.8, 
125.2, 124.0 (q, J = 289.9 Hz), 117.8, 109.5, 84.1 (q, J = 25.9 Hz), 61.4, 55.3, 55.0, 46.2, 43.2, 
25.9, 21.8. 
19F NMR (376 MHz, CDCl3): δ (ppm) δ -68.8 
IR (neat): ν (cm-1) 3416, 2926, 2847, 1694, 1509, 1158, 1081, 833 
HRMS (ESI): Calcd for C22H24F3NNaO3 [M+Na]
+: 430.1600, found 430.1600 
Rf: 0.32 in a 90:10 mixture of pentane and ethyl acetate 
[α]D
20: + 9.4° (c = 0.18, CHCl3) 































For 3.66a, a correlation between the benzylic proton 2-Ha (identified by its correlation with the 
NH and the absence of correlation with the aromatic proton) and the meta proton of the phenyl 
group of the mosher amide part can be observed.  
In the case of 3.66b, a similar correlation can be observed between the benzylic proton 3-Ha 
(identified by its correlation with the NH and the aromatic proton) and the meta proton of the 
phenyl group of the mosher amide. 
Precedent calculations on Mosher amides241 indicate that the more stable conformer of such 
amides shows a synperiplanar relationship between the CF3 and the carbonyl groups. 
This indicates that the quaternary stereocenter constructed during the enantioselective C(sp3)-













6.4. Chapter 4 
6.4.1. Ligands 
For TADDOL phosphoramidite/phosphonite ligands: 
4.17 was previously prepared as reported.238,239 
For C2 symetrical Herrmann-Kundig type NHCs: 
All IBiox-type ligands were prepared as reported210,211,215,216 from different amino acids 
according to the following sequence: 
 
General procedure I: reduction of the amino acids 
the amino acid (1 equiv), and NaBH4 (3 equiv), and THF (4 mL/mmol of amino acid) were 
added to a dry round-bottom flask and cooled to 0 °C. A solution I2 (1 equiv) in THF (2 
mL/mmol of I2) was added dropwise, allowing the mixture to turn white 
after each drop. Following the addition, the mixture was heated to reflux for 15 hours. 
The reaction mixture was then cooled to 0 °C and quenched slowly with MeOH. The 
solvents were removed in vacuo, and the remaining solid was dissolved in 20% aqueous 
solution of KOH and stirred at 50 °C for 1.5 hours. The mixture was cooled to room 
temperature, extracted with EtOAc, and the combined organic extracts were dried over MgSO4 
and filtered. The solvent was removed in vacuo, and the crude material aminoalcohol taken 
forward. 
General procedure J: bisoxazoline synthesis 
Aminoalcohol (2.1 equiv) and diethyloxalate (1.0 equiv) were stirred at reflux in toluene (2.5 
mL/mmol of aminoalcohol) overnight. The reaction was then concentrated. The obtained solid 
was washed with petroleum ether and dried to afford the desired oxalamide which was used 
without further purification. SOCl2 (2.9 equiv) was added to a suspension of the previously 




was stirred at this temperature for 1 h and then 3 h at 90 °C. After this time, the reaction was 
quenched with methanol and concentrated. The residue was taken in DCM and vigorously 
washed with a 20% (w/v) aqueous solution of KOH. Layers were separated and the aqueous 
layer was extracted with DCM. The combined organic phases were washed with brine, dried 
over MgSO4 and concentrated to yield the desired chlorooxalamide taken forward. To a solution 
of the previously obtained chlorooxalamide (1 equiv) in THF (20 mL/mmol of 
chlorooxalamide) a solution of NaOH (2.1 equiv) in ethanol (3 mL/mmol of NaOH) was added. 
After stirring at ambient temperature for 30 min the mixture was heated at 90 °C for 3 h. The 
solvent was evaporated, and the residue taken up in MTBE, washed with a saturated aqueous 
solution of Na2CO3 and dried over MgSO4. After concentration, the crude was purified by flash 
column chromatography (cyclohexane/EtOAc) to yield the desired bisoxazoline. 
General procedure K: cyclization for NHC formation 
To a suspension of AgOTf (1.45 equiv) in DCM (4.5 mL/mmol of bisoxazoline) was added 
chloromethyl pivalate (1.45 equiv) and the resulting suspension was stirred for 45 min in the 
dark. The supernatant was transferred via syringe to the bioxazoline (1 equiv) and the resulting 
solution was stirred in a sealed tube in the dark at 40 °C for 24 h. After the solution was cooled 
to room temperature, the solvent was evaporated in vacuo. The resulting oil was 
chromatographed on silica gel (DCM/MeOH) to afford the corresponding IBiox·HOTf. 
All described compounds shown spectroscopic data in accordance with reported ones. 
 
Here is the data of new bisoxazolines and IBiox NHC: 
(3S,7S)-3,7-diisobutyl-2,3,7,8-tetrahydroimidazo[4,3-b:5,1-b']bis(oxazole)-4-ium triflate 
(IBioxiBu·HOTf): 
From BioxiBu (obtained from L-leucine using General procedures I and J) using General 
procedures K. IBioxiBu·HOTf was obtained as a wax (178 mg, 0.43 mmol, 15%).  
1H NMR (500 MHz, CDCl3): δ (ppm) 8.57 (s, 1H), 5.15 (dd, J = 8.8, 
7.4 Hz, 2H), 4.98-4.92 (m, 2H), 4.66 (dd, J = 8.8, 6.2 Hz, 2H), 2.10-
2.02 (m, 2H), 1.76-1.66 (m, 4H), 1.00 (d, J = 6.4 Hz, 6H), 1.00 (d, J 
= 6.4 Hz, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 125.7, 120.8 (q, J = 320.2 
Hz), 115.3, 82.2, 58.0, 41.7, 25.3, 22.5, 22.2 
19F NMR (471 MHz, CDCl3): δ (ppm) -78.4. 




HRMS (ESI): Calcd for C15H25N2O2
+ [M]+: 265.1911, found 265.1912 
[α]D
20: +51.8° (c = 0.75, CHCl3) 
 
(4R,4'R)-4,4'-dicyclohexyl-4,4',5,5'-tetrahydro-2,2'-bioxazole (BioxCy): 
From D-cyclohexylglycine using General procedures I and J. BioxCy·HOTf was obtained 
as a white solid (2.91 g, 9.56 mmol, 72%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 4.42 (dd, J = 9.8, 8.3 Hz, 
2H), 4.14 (dd, J = 9.8, 8.3 Hz, 2H), 4.08 (td, J = 9.4, 6.7 Hz, 2H), 
2.00-1.93 (m, 2H), 1.78-1.64 (m, 6H), 1.59-1.47 (m, 4H), 1.29-
1.14 (m, 6H), 1.11-0.98 (m, 4H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 154.6, 72.4, 71.4, 42.5, 
29.7, 29.1, 26.5, 26.4, 26.0. 
IR (neat): ν (cm-1) 3285, 2922, 2851, 1611, 1449, 1104, 949, 889, 719, 627 
HRMS (ESI): Calcd for C18H28NaO2 [M+Na]
+: 327.2043, found 327.2044 
Rf: 0.63 in pure ethyl acetate 
Mp: 104°C 
[α]D




From BioxCy using General procedures K. IBioxCy·HOTf was obtained as a white solid 
(367 mg, 0.78 mmol, 24%). 
1H NMR (250 MHz, CDCl3): δ (ppm) 8.72 (s, 1H), 5.05 (dd, J = 10.1, 
8.8 Hz, 2H), 4.91-4.80 (m, 4H), 2.03-1.89 (m, 2H), 1.87-1.66 (m, 
9H), 1.36-1.09 (m, 9H), 1.04-0.86 (m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 125.8, 120.8 (q, J = 320.3 
Hz), 116.4, 79.5, 63.8, 40.68, 28.3, 27.5, 25.8, 25.5, 25.4 
19F NMR (376 MHz, CDCl3): δ (ppm) -78.5 
IR (neat): ν (cm-1) 2928, 2855, 1730, 1432, 1254, 1151, 1029, 635 
HRMS (ESI): Calcd for C19H29N2O2
+ [M]+: 317.2224, found 317.2219 
Rf: 0.37 in a 95:5 mixture of DCM and methanol 
Mp: 86°C 
[α]D






From L-adamantylglycine (prepared as described in the literature242) using General 
procedures I and J. BioxAd·HOTf was obtained as a white solid (1.54 g, 3.77 mmol, 65%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 4.31 (dd, J = 9.9, 8.8 Hz, 
2H) 4.29 (dd, J = 9.9, 8.8 Hz, 2H), 3.90 (t, J = 9.9 Hz, 2H), 2.02-
1.97 (m, 6H), 1.74-1.63 (m, 18H), 1.46-1.40 (m, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 154.5, 77.0, 68.2, 38.7, 
37.1, 35.6, 28.3 
IR (neat): ν (cm-1) 2899, 1614, 1449, 1114, 945, 870, 655 
HRMS (ESI): Calcd for C52H72N4O4 [2M+Na]
+: 839.5446, found 839.5447 
Rf: 0.75 in pure ethyl acetate 
Mp: 199-202°C 
[α]D




From BioxAd using General procedures K. IBioxAd·HOTf was obtained as a white solid 
(1.45 g, 2.54 mmol, 65%). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.65 (s, 1H), 5.05 (dd, J = 9.4, 
3.4 Hz, 2H), 4.99 (dd, J = 9.4, 7.5 Hz, 2H), 4.60 (dd, J = 7.5, 3.4 Hz, 
2H), 2.13-2.07 (m, 6H), 1.77-1.64 (m, 18H), 1.57-1.49 (m, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 126.0, 120.8 (q, J = 320.1, 
Hz) 117.8, 77.5, 68.7, 37.6, 36.3, 35.8, 27.7 
19F NMR (471 MHz, CDCl3): δ (ppm) -78.4 
IR (neat): ν (cm-1) 2903, 2851, 1731, 1612, 1517, 1451, 1256, 1151, 1029, 635 
HRMS (ESI): Calcd for C27H37N2O2
+ [M]+: 421.2850, found 421.2847 
Rf: 0.40 in a 95:5 mixture of DCM and methanol 
Mp: 188°C 
[α]D







In glovebox, [Pd(π- allyl)Cl]2 (32 mg, 0.88 mmol, 1.0 equiv.), IBioxAd·HOTf (100 mg, 0.175 
mmol, 2.0 equiv.) and sodium tert-butoxide (16.8 mg, 0.175 mmol, 2.0 equiv.) were placed into 
a dried catalysis tube. Dimethoxyethane (DME) (3.5 mL, freshly distilled over Na and 
benzophenone) was added and the mixture was stirred at rt for 24 h and then quenched with 
aqueous NH4Cl and extracted with DCM. The combined organic phases were washed with 
water, brine, and dried over MgSO4. The resulting crude product was purified by flash column 
chromatography (EtOAc/pentane) to give Pd(IBioxAd)(π-All)Cl as a white solid (82 mg, 0.136 
mmol, 78%). This complex shown by 1H NMR to consist of a 1: 0.7 mixture of endo- and exo-
isomers similarly to what was observed by Kündig for similar complexes. 
Description of major isomer: 
1H NMR (600 MHz, CDCl3): δ (ppm) 5.17-5.08 (m, 1H), 4.96 (d, J 
= 9.1 Hz, 1H), 4.85 (d, J = 9.0 Hz, 1H), 4.75 (dd, J = 9.0, 7.0 Hz, 
1H), 4.69 (dd, J = 9.0, 7.0 Hz, 1H), 4.65 (d, J = 6.8 Hz, 1H), 4.09 
(dd, J = 7.4, 1.9 Hz, 1H), 3.74 (d, J = 6.8 Hz, 1H), 3.37 (d, J = 6.7 
Hz, 1H), 3.17 (d, J = 13.4 Hz, 1H), 2.48 (d, J = 11.6 Hz, 1H), 2.23-
1.34 (m, 30H). 
13C NMR (151 MHz, CDCl3): δ (ppm) 158.4, 125.7, 125.4, 113.4, 77.0, 76.2, 70.5, 67.9, 66.0, 
47.8, 38.9, 36.8, 36.7, 36.6, 36.5, 28.2, 28.2, 28.1, 27.1 
IR (neat): ν (cm-1) 2900, 2848, 1759, 1448, 1418, 1346, 1223, 1202, 913, 861 
HRMS (ESI): Calcd for C30H41ClN2NaO2Pd
+ [M+Na]+: 625.1792, found 625.1772 
HRMS (ESI): Calcd for C30H41N2O2Pd
+ [M-Cl]+: 567.2209, found 567.2201 
Rf: 0.12 in a 75:25 mixture of pentane and ethyl acetate  
Mp: decomposition upon heating 
[α]D





General procedure L: benzylation of dimethyl malonate 
 
Dimethyl malonate (1.4 equiv) was diluted in THF (1 mL/mmol of dimethyl malonate) and 
added to a suspension of 100% sodium hydride (1.2 equiv) in THF (1 mL/mmol of sodium 
hydride) and the mixture was stirred for 30 min at room temperature. Then, a solution of the 
benzyl bromide (1.0 equiv) in THF (2 mL/mmol of benzyl halide) was added dropwise and the 
mixture was stirred overnight at room temperature. The reaction was then quenched by addition 
of H2O and brine. The phases were separated, and the aqueous layer was extracted with diethyl 
ether. The combined organic phases were washed with brine and dried over Na2SO4. After 
evaporation of the volatiles the crude product was purified by distillation under high vacuum to 
yield the corresponding dimethyl benzylmalonate. 
 
Dimethyl 2-(2-bromo-4-fluorobenzyl)malonate (4.20a): 
From dimethyl malonate and 2-bromo-4-fluorobenzyl bromide using General procedures 
L. 4.20a was obtained as a white solid (8.00 g, 25.08 mmol, 84%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.29 (dd, 
3JHF = 8.2, 2.6 Hz, 1H), 
7.22 (dd, J = 8.6, 6.0 Hz, 1H), 6.94 (ddd, J = 8.2, 8.3, 2.6 Hz, 1H), 3.83 
(t, J = 7.8 Hz, 1H), 3.70 (s, 6H) 3.31 (d, J = 7.8 Hz, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 169.0, 161.6 (d, J = 250.2 Hz), 
133.0 (d, J = 3.6 Hz), 132.4 (d, J = 8.3 Hz), 124.5 (d, J = 9.5 Hz), 120.3 (d, J = 24.4 Hz), 114.7 
(d, J = 20.9 Hz), 52.8, 51.4, 34.5 
19F NMR (471 MHz, CDCl3): δ (ppm) -113.4 
IR (neat): ν (cm-1) 3007, 2955, 1731, 1596, 1277, 1226, 1153, 856, 777 
HRMS (ESI): Calcd for C12H12
79BrFNaO4 [M+Na]
+: 340.9795, found 340.9796 
Rf: 0.17 in a 95:5 mixture of pentane and ethyl acetate 






Dimethyl 2-(2-bromobenzyl)malonate (4.20b-Br): 
From dimethyl malonate and 2-bromobenzyl bromide using General procedures L. 4.20b-
Br was obtained as a colorless liquid (15.44 g, 51.27 mmol, 86%). The measured spectrometric 
data was in full accordance with the reported data.243  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.56-7.52 (m, 1H), 7.25-7.19 (m, 
2H), 7.12-7.07 (m, 1H), 3.88 (t, J = 7.8 Hz, 1H), 3.70 (s, 6H), 3.34 (d, J = 
7.8 Hz, 2H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 169.2, 137.1, 133.1, 131.5, 128.8, 
127.6, 124.7, 52.8, 51.4, 35.3 
 
Dimethyl 2-(2-chlorobenzyl)malonate (4.20b-Cl): 
From dimethyl malonate and 2-chlorobenzyl bromide using General procedures L. 4.20b-
Cl was obtained as a colorless liquid (4.62 g, 18.01 mmol, 74%). The measured spectrometric 
data was in full accordance with the reported data.244 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.37-7.32 (m, 1H), 7.25-7.21 (m, 
1H), 7.20-7.14 (m, 2H), 3.85 (t, J = 7.8 Hz, 1H), 3.69 (s, 6H), 3.34 (d, J = 
7.8 Hz, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 169.2, 135.4, 134.3, 131.5, 129.8, 
128.6, 127.0, 52.7, 51.3, 32.9 
 
Dimethyl 2-(2-bromo-5-fluorobenzyl)malonate (4.20c): 
From dimethyl malonate and 2-bromo-5-fluorobenzyl bromide using General procedures 
L. 4.20c was obtained as a colorless liquid (3.88 g, 12.17 mmol, 77%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.48 (dd, J = 8.8, 5.3 Hz, 1H), 
6.98 (dd, J = 9.2, 3.1 Hz, 1H), 6.84 (ddd, J = 8.3, 8.3, 3.1 Hz, 1H), 3.84 
(t, J = 7.7 Hz, 1H), 3.72 (s, 6H), 3.31 (d, J = 7.7 Hz, 2H)  
13C NMR (126 MHz, CDCl3): δ (ppm) 168.9, 161.9 (d, J = 247.3 Hz), 
139.2 (d, J = 7.7 Hz), 134.2 (d, J = 8.2 Hz), 118.7 (d, J = 3.2 Hz), 118.5 (d, J = 23.0 Hz), 116.0 
(d, J = 22.3 Hz), 52.9, 51.26, 35.2 (d, J = 1.4 Hz) 
19F NMR (471 MHz, CDCl3): δ (ppm) -114.6 
IR (neat): ν (cm-1) 2955, 1734, 1470, 1236, 1150, 1030, 875, 811 
HRMS (ESI): Calcd for C12H12
79BrFNaO4 [M+Na]
+: 340.9795, found 340.9796 





Dimethyl 2-(2-bromo-5-methoxybenzyl)malonate (4.20d): 
From dimethyl malonate and 2-bromo-5-methoxybenzyl bromide using General 
procedures L. 4.20d was obtained as a colorless liquid (3.74 g, 11.28 mmol, 63%). 
1H NMR (500 MHz, CDCl3): δ (ppm)
 7.40 (d, J = 8.8 Hz, 1H), 6.78 
(d, J = 3.1 Hz, 1H), 6.66 (dd, J = 8.8, 3.1 Hz, 1H), 3.85 (t, J = 7.8 
Hz, 1H), 3.75 (s, 3H), 3.70 (s, 6H), 3.29 (d, J = 7.8 Hz, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm)
 169.1, 159.0, 138.0, 133.6, 
117.0, 115.0, 114.6, 77.4, 77.2, 76.9, 55.6, 52.7, 51.4, 35.4 
IR (neat): ν (cm-1) 2954, 2840, 1734, 1474, 1436, 1239, 1152, 1022, 808 
GC-MS (EI): Calcd for C13H15
79BrO5 [M]
+•: 330, found 330 
Rf: 0.18 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2,5-dichlorobenzyl)malonate (4.20e): 
From dimethyl malonate and 2,5-dichlorobenzyl bromide using General procedures L. 
4.20e was obtained as a colorless liquid (4.80 g, 16.47 mmol, 79%). 
1H NMR (500 MHz, CDCl3): δ (ppm)
 7.27 (d, J = 8.5 Hz, 1H), 7.23 
(d, J = 2.5 Hz, 1H), 7.16 (dd, J = 8.5, 2.5 Hz, 1H), 3.80 (t, J = 7.8 Hz, 
1H), 3.71 (s, 6H), 3.29 (d, J = 7.8 Hz, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm)
 168.9, 137.2, 132.7, 132.6, 
131.3, 130.8, 128.7, 52.8, 51.1, 32.7 
IR (neat): ν (cm-1) 2955, 2846, 1735, 1468, 1436, 1228, 1153, 1048, 814 
HRMS (EI): Calcd for C12H12
35Cl2NaO4 [M+Na]
+: 313.0005, found 313.0005 
Rf: 0.34 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-((6-bromobenzo[d][1,3]dioxol-5-yl)methyl)malonate (4.20f): 
From dimethyl malonate and 5-bromo-6-(bromomethyl)benzo[d][1,3]dioxole using 
General procedures L. 4.20f was obtained as a colorless oil (2.97 g, 8.61 mmol, 84%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.98 (s, 1H), 6.73 (s, 1H), 5.94 
(s, 2H), 3.79 (t, J = 7.7 Hz, 1H), 3.71 (s, 6H), 3.24 (d, J = 7.7 Hz, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 169.1, 147.6, 147.4, 130.0, 
114.9, 113.0, 111.1, 101.9, 77.4, 77.2, 76.9, 52.8, 51.6, 35.1 
IR (neat): ν (cm-1) 2955, 2902, 1732, 1478, 1229, 1147, 1035, 931 
GC-MS (EI): Calcd for C13H13
79BrO6 [M]
+•: 344, found 344 




General procedure M: alkylation of dimethyl benzylmalonate 
 
In a 10-20 mL microwave reaction vial, 4.20 (1 equiv) was diluted in THF (3 mL/mmol of 
dimethyl benzylmalonate), then sodium hydride (60% in mineral oil, 1.2 equiv) was added in 
one portion and the mixture was stirred for 30 min at room temperature. Then, the choose alkyl 
halide (1.4 equiv) was added. If solid, the alkyl halide was added as a solution in THF. The vial 
was then sealed and transferred in an 80°C preheated aluminum block. After overnight stirring 
at this temperature, the reaction was quenched by addition of H2O and brine. The phases were 
separated, and the aqueous layer was extracted with diethyl ether or ethyl acetate. The combined 
organic phases were washed with brine and dried over Na2SO4. After evaporation of the 
volatiles the crude product was purified by flash column chromatography (pentane/EtOAc) to 
yield the corresponding product 4.12. 
 
Dimethyl 2-(2-bromo-4-fluorobenzyl)-2-propylmalonate (4.12a): 
From 4.20a and n-propyl iodide using General procedures M. 4.12a was obtained as a 
colorless oil (842 mg, 2.42 mmol, 82%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.30-7.26 (m, 1H), 7.15 (dd, J = 
8.7, 6.0 Hz, 1H), 6.94 (ddd, J = 8.7, 7.8, 2.7 Hz, 1H), 3.70 (s, 6H), 3.42 
(s, 2H), 1.85-1.78 (m, 2H), 1.36-1.25 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.7, 161.2 (d, J = 250.3 Hz), 
132.5 (d, J = 3.7 Hz), 132.2 (d, J = 8.3 Hz), 125.9 (d, J = 9.3 Hz), 120.2 
(d, J = 24.2 Hz), 114.6 (d, J = 20.9 Hz), 59.1, 52.5, 37.1, 35.3, 18.2, 14.4 
19F NMR (471 MHz, CDCl3): δ (ppm) -113.7 
IR (neat): ν (cm-1) 2958, 1730, 1599, 1487, 1211, 1120, 857, 731 
HRMS (ESI): Calcd for C15H18
79BrFNaO4 [M+Na]
+: 383.0265, found 383.0266 






Dimethyl 2-(2-bromobenzyl)-2-propylmalonate (4.12b-Br): 
From 4.20b-Br and n-propyl iodide using General procedures M. 4.12b-Br was obtained as 
a white solid (1.90 g, 5.54 mmol, 82%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.53 (dd, J = 8.0, 1.2 Hz, 1H), 7.20 
(td, J = 7.5, 1.3 Hz, 1H), 7.14 (dd, J = 7.8, 1.8 Hz, 1H), 7.07 (ddd, J = 8.0, 
7.3, 1.8 Hz, 1H), 3.70 (s, 6H), 3.47 (s, 2H), 1.85-1.79 (m, 2H), 1.37-1.26 
(m, 2H), 0.92 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 136.5, 133.2, 131.4, 128.6, 
127.4, 126.1, 59.1, 52.5, 37.8, 35.1, 18.2, 14.4 
IR (neat): ν (cm-1) 2956, 2874, 1731, 1436, 1200, 754 
HRMS (ESI): Calcd for C15H19
79BrNaO4 [M+Na]
+: 365.0359, found 365.0363 
Rf: 0.34 in a 90:10 mixture of pentane and ethyl acetate 
Mp: 71-73°C 
 
Dimethyl 2-(2-chlorobenzyl)-2-propylmalonate (4.12b-Cl): 
From 4.20b-Cl and n-propyl iodide using General procedures M. 4.12b-Cl was obtained as 
a colorless oil (432 mg, 1.44 mmol, 74%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.36-7.31 (m, 1H), 7.18-7.11 (m, 
3H), 3.71 (s, 6H), 3.44 (s, 2H), 1.82-1.77 (m, 2H), 1.37-1.26 (m, 2H), 0.92 
(t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 135.3, 134.6, 131.6, 129.8, 
128.4, 126.7, 59.0, 52.5, 35.2, 34.8, 18.1, 14.4 
IR (neat): ν (cm-1) 2956, 2874, 1732, 1439, 1211, 1120, 1048, 751 
GC-MS (EI): Calcd for C15H19
35ClO4 [M]
 +•: 298, found 298 






Dimethyl 2-(2-bromo-5-fluorobenzyl)-2-propylmalonate (4.12c): 
From 4.20c and n-propyl iodide using General procedures M. 4.12c was obtained as a 
colorless oil (900 mg, 2.49 mmol, 80 %). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.48 (dd, J = 8.8, 5.5 Hz, 1H), 
6.92 (dd, J = 9.8, 3.1 Hz, 1H), 6.82 (ddd, J = 8.8, 7.6, 3.1 Hz, 1H), 3.71 
(s, 6H), 3.43 (s, 2H), 1.88-1.79 (m, 2H), 1.37-1.22 (m, 2H), 0.93 (t, J = 
7.3 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) δ 171.5, 161.7 (d, J = 246.6 Hz), 
138.7 (d, J = 7.7 Hz), 134.1 (d, J = 8.1 Hz), 120.2 (d, J = 3.2 Hz), 118.4 (d, J = 23.0 Hz), 115.9 
(d, J = 22.4 Hz), 59.0, 52.6, 38.0 (d, J = 1.5 Hz), 35.4, 18.2, 14.4 
19F NMR (376 MHz, CDCl3): δ (ppm) -114.8 
IR (neat): ν (cm-1) 2957, 1731, 1579, 1469, 1213, 1155, 1032, 812, 701 
HRMS (ESI): Calcd for C15H18
79BrFNaO4 [M+Na]
+: 388.0265, found 388.0261 
Rf: 0.20 in a 95:5 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromo-5-methoxybenzyl)-2-propylmalonate (4.12d): 
From 4.20d and n-propyl iodide using General procedures M. 4.12d was obtained as a 
colorless oil (511 mg, 1.37 mmol, 91%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.40 (d, J = 8.8 Hz, 1H), 6.71 
(d, J = 3.0 Hz, 1H), 6.64 (dd, J = 8.8, 3.1 Hz, 1H), 3.74 (s, 3H), 3.71 
(s, 6H), 3.42 (s, 2H), 1.85-1.80 (m, 2H), 1.35-1.26 (m, 2H), 0.92 (t, 
J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 158.7, 137.4, 133.6, 
117.0, 116.5, 114.4, 59.1, 55.4, 52.5, 37.9, 35.0, 18.2, 14.4 
IR (neat): ν (cm-1) 2957, 2875, 1731, 1469, 1238, 1213, 810 
GC-MS (EI): Calcd for C16H21
79BrO5 [M]
 +•: 372, found 372 






Dimethyl 2-(2,5-dichlorobenzyl)-2-propylmalonate (4.12e): 
From 4.20e and n-propyl iodide using General procedures M. 4.12e was obtained as a white 
solid (432 mg, 1.30 mmol, 75%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.29-7.24 (m, 1H), 7.16-7.12 
(m, 2H), 3.71 (s, 6H), 3.39 (s, 2H), 1.83-1.77 (m, 2H), 1.35-1.26 (m, 
2H), 0.93 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.5, 136.5, 133.6, 132.5, 
131.7, 130.8, 128.5, 59.0, 52.6, 35.2, 35.0, 18.1, 14.3 
IR (neat): ν (cm-1) 2957, 2881, 1729, 1466, 1300, 1216, 1188, 1046, 819 
HRMS (EI): Calcd for C15H18
35Cl2NaO4 [M+Na]
+: 355.0474, found 355.0481 
Rf: 0.46 in a 90:10 mixture of pentane and ethyl acetate 
Mp: 45-47°C 
 
Dimethyl 2-((6-bromobenzo[d][1,3]dioxol-5-yl)methyl)-2-propylmalonate (4.12f): 
From 4.20f and n-propyl iodide using General procedures M. 4.12f was obtained as a white 
solid (497 mg, 1.28 mmol, 89%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 6.97 (s, 1H), 6.64 (s, 1H), 5.94 
(s, 2H), 3.71 (s, 6H), 3.37 (s, 2H), 1.85-1.79 (m, 2H), 1.34-1.25 (m, 
2H), 0.92 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 147.4, 129.3, 116.4, 
112.9, 110.7, 101.9, 59.2, 52.5, 37.9, 35.2, 18.2, 14.4 
IR (neat): ν (cm-1) 2972, 2898, 1727, 1478, 1209, 1037, 891 
GC-MS (EI): Calcd for C16H19
79BrO6 [M]
 +•: 386, found 386 






General procedure N: alkylation of dialkyl n-propylmalonate 
 
In a 10-20 mL microwave reaction vial, dialkyl n-propylmalonate (1 equiv) was diluted in THF 
(3 mL/mmol of dimethyl n-propylmalonate), then sodium hydride (60% in mineral oil, 1.1 
equiv) was added in one portion and the mixture was stirred for 30 min at room temperature. 
Then, the choose benzyl bromide (1.2 equiv) was added. If solid, the alkyl halide was added as 
a solution in THF. The vial was then sealed and transferred in an 80°C preheated aluminum 
block. After overnight stirring at this temperature, the reaction was quenched by addition of 
H2O and brine. The phases were separated, and the aqueous layer was extracted with diethyl 
ether or ethyl acetate. The combined organic phases were washed with brine and dried over 
Na2SO4. After evaporation of the volatiles the crude product was purified by flash column 
chromatography (pentane/EtOAc) to yield the corresponding product 4.12. 
 
Dimethyl 2-(2-bromo-5-nitrobenzyl)-2-propylmalonate (4.12g): 
From dimethyl n-propylmalonate and 2-bromo-5-nitrobenzyl bromide using General 
procedures N. 4.12g was obtained as a white solid (690 mg, 1.78 mmol, 89%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 8.08 (d, J = 2.7 Hz, 1H), 7.93 
(dd, J = 8.8, 2.7 Hz, 1H), 7.72 (d, J = 8.8 Hz, 1H), 3.74 (s, 6H), 3.53 
(s, 2H), 1.84-1.80 (m, 2H), 1.39-1.29 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.2, 147.1, 138.8, 134.0, 
133.3, 126.2, 123.1, 59.0, 52.8, 38.0, 35.5, 18.2, 14.3 
IR (neat): ν (cm-1) 2965, 2877, 1737, 1527, 1338, 1216, 1040, 809, 738 
HRMS (ESI): Calcd for C15H18
79BrNNaO6 [M+Na]
+: 410.0210, found 410.0210 







Dimethyl 2-(2-chloro-5-(trifluoromethyl)benzyl)-2-propylmalonate (4.12h): 
From dimethyl n-propylmalonate and 2-chloro-5-(trifluoromethyl)benzyl bromide using 
General procedures N. 4.12h was obtained as a colorless oil (689 mg, 1.88 mmol, 94%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.48-7.45 (m, 1H), 7.44-7.40 
(m, 2H), 3.71 (s, 6H), 3.47 (s, 2H), 1.82-1.75 (m, 2H), 1.40-1.26 (m, 
2H), 0.93 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.4, 139.1 (q, J = 1.5 Hz), 
135.8, 130.3, 129.2 (q, J = 32.8 Hz), 128.7 (q, J = 3.8 Hz), 125.2 (q, 
J = 3.7 Hz), 123.8 (q, J = 272.2 Hz), 59.0, 52.6, 35.2, 34.9, 18.1, 14.2 
19F NMR (235 MHz, CDCl3): δ (ppm) -62.7 
IR (neat): ν (cm-1) 2960, 2877, 1734, 1326, 1122, 1083, 828 
HRMS (ESI): Calcd for C16H18
35ClF3NaO4 [M+Na]
+: 389.0738, found 389.0744 
Rf: 0.44 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-chloro-6-fluorobenzyl)-2-propylmalonate (4.12i-Cl): 
From dimethyl n-propylmalonate and 2-chloro-6-fluorobenzyl bromide using General 
procedures N. 4.12i-Cl was obtained as a colorless oil (593 mg, 1.87 mmol, 94%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.20-7.11 (m, 2H), 6.97-6.91 (m, 
1H), 3.72 (s, 6H), 3.50 (d, J = 2.0 Hz, 2H), 1.74-1.68 (m, 2H), 1.36-1.26 
(m, 2H), 0.90 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 162.3 (d, J = 248.1 Hz), 
136.6 (d, J = 6.3 Hz), 129.0 (d, J = 10.0 Hz), 125.6 (d, J = 3.3 Hz), 123.0 
(d, J = 19.2 Hz), 114.0 (d, J = 24.0 Hz), 58.0, 52.5 (d, J = 0.8 Hz), 34.7 (d, J = 1.1 Hz), 29.9 (d, 
J = 0.9 Hz), 18.1 (d, J = 2.1 Hz), 14.4 
19F NMR (235 MHz, CDCl3): δ (ppm) -109.1 
IR (neat): ν (cm-1) 2957, 2876, 1731, 1453, 1215, 1121, 923, 775 
GC-MS (EI): Calcd for C15H18
35ClFO4 [M]
 +•: 316, found 316 






Dimethyl 2-(2-bromo-6-fluorobenzyl)-2-propylmalonate (4.12i-Br): 
From dimethyl n-propylmalonate and 2-bromo-6-fluorobenzyl bromide using General 
procedures N. 4.12i-Br was obtained as a colorless oil (675 mg, 1.87 mmol, 93%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.36 (dt, J = 8.0, 1.0 Hz, 1H), 7.08 
(td, J = 8.2, 5.9 Hz, 1H), 6.97 (ddd, J = 9.6, 8.3, 1.2 Hz, 1H), 3.72 (s, 6H), 
3.55 (d, J = 2.1 Hz, 2H), 1.77-1.71 (m, 2H), 1.37-1.27 (m, 2H), 0.89 (t, J 
= 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 162.0 (d, J = 249.2 Hz), 
129.5 (d, J = 9.7 Hz), 129.0 (d, J = 3.3 Hz), 127.0 (d, J = 5.5 Hz), 124.9 (d, J = 19.0 Hz), 114.7 
(d, J = 24.0 Hz), 58.1, 52.5, 35.0 (d, J = 1.0 Hz), 32.8, 18.3 (d, J = 1.8 Hz), 14.4 
19F NMR (235 MHz, CDCl3): δ (ppm) -107.4 
IR (neat): ν (cm-1) 2957, 2876, 1730, 1447, 1244, 1216, 1120, 1039, 774 
GC-MS (EI): Calcd for C15H18
79BrFO4 [M]
 +•: 360, found 360 
Rf: 0.34 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromo-6-methylbenzyl)-2-propylmalonate (4.12j): 
From dimethyl n-propylmalonate and 2-bromo-6-methylbenzyl bromide using General 
procedures N. 4.12j was obtained as a white solid (581 mg, 1.86 mmol, 93%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.22-7.15 (m, 1H), 7.06-7.00 (m, 
2H), 3.59 (s, 2H), 3.57 (s, 6H), 2.33 (s, 3H), 1.97-1.92 (m, 2H), 1.34-1.24 
(m, 2H), 0.91 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 172.2, 140.5, 136.2, 134.5, 129.0, 
127.7, 127.3, 58.9, 52.3, 37.7, 33.7, 21.2, 18.3, 14.5 
IR (neat): ν (cm-1) 2959, 2874, 1721, 1449, 1251, 1207, 1110, 951, 776 
GC-MS (EI): Calcd for C16H21
79BrO4 [M]
 +•: 356, found 356 







Dimethyl 2-(2-chloro-4-methoxybenzyl)-2-propylmalonate (4.12k): 
From dimethyl n-propylmalonate and 2-chloro-4-methoxybenzyl bromide using General 
procedures N. 4.12k was obtained as a colorless oil (578 mg, 1.76 mmol, 88%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.02 (d, J = 8.6 Hz, 1H), 6.88 
(d, J = 2.7 Hz, 1H), 6.72 (dd, J = 8.6, 2.7 Hz, 1H), 3.76 (s, 3H), 3.70 
(s, 6H), 3.36 (s, 2H), 1.80-1.75 (m, 2H), 1.34-1.25 (m, 2H), 0.92 (t, 
J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.9, 159.1, 135.7, 132.1, 
126.3, 114.9, 113.1, 59.0, 55.6, 52.4, 34.7, 34.5, 18.1, 14.4 
IR (neat): ν (cm-1) 2956, 2875, 1731, 1499, 1211, 1043, 843 
GC-MS (EI): Calcd for C16H21
35ClO5 [M]
 +•: 328, found 328 
Rf: 0.24 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-chloro-4-(methoxycarbonyl)benzyl)-2-propylmalonate (4.12l): 
From dimethyl n-propylmalonate and 2-chloro-4-(methoxycarbonyl)benzyl bromide using 
General procedures N. 4.12l was obtained as a white solid (565 mg, 1.58 mmol, 79%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 8.01 (d, J = 1.7 Hz, 1H), 
7.81 (dd, J = 8.1, 1.7 Hz, 1H), 7.24 (d, J = 8.1 Hz, 1H), 3.90 (s, 
3H), 3.69 (s, 6H), 3.47 (s, 2H), 1.84-1.76 (m, 2H), 1.36-1.25 (m, 
2H), 0.92 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.5, 165.9, 140.0, 135.6, 
131.7, 130.8, 130.4, 127.7, 58.9, 52.6, 52.5, 35.4, 35.2, 18.1, 14.3 
IR (neat): ν (cm-1) 2969, 2875, 1736, 1712, 1285, 1215, 1122, 1051, 761 
HRMS (ESI): Calcd for C17H21
35ClNaO6 [M+Na]
+: 379.0919, found 379.0926 






Dimethyl 2-(2-chloro-6-(trifluoromethyl)benzyl)-2-propylmalonate (4.12m): 
From dimethyl n-propylmalonate and 2-chloro-6-(trifluoromethyl)benzyl bromide using 
General procedures N. 4.12m was obtained as a colorless oil (670 mg, 1.69 mmol, 79%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.55 (t, J = 8.0 Hz, 2H), 7.31-7.24 
(m, 1H), 3.73 (s, 2H), 3.55 (s, 6H), 1.96-1.91 (m, 2H), 1.35-1.25 (m, 2H), 
0.90 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.5, 137.9, 135.6 (q, J = 1.4 Hz), 
133.2 (q, J = 1.1 Hz), 131.8 (q, J = 29.6 Hz), 128.0, 125.0 (q, J = 6.0 Hz), 
123.8 (q, J = 274.4 Hz), 58.6, 52.3, 39.4, 34.8 (q, J = 2.0 Hz), 18.5, 14.5 
19F NMR (235 MHz, CDCl3): δ (ppm) -58.6 
IR (neat): ν (cm-1) 2970, 1929, 2856, 1728, 1437, 1281, 1256, 1202, 1161, 1098, 759 
GC-MS (EI): Calcd for C16H18
35ClF3O4 [M]
 +•: 366, found 366 
Rf: 0.34 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromo-6-methoxybenzyl)-2-propylmalonate (4.12n): 
From dimethyl n-propylmalonate and 2-bromo-6-methoxybenzyl bromide using General 
procedures N. 4.12n was obtained as a colorless oil (632 mg, 1.69 mmol, 85%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (dd, J = 8.1, 1.1 Hz, 1H), 7.05 
(t, J = 8.1 Hz, 1H), 6.75 (dd, J = 8.2, 0.8 Hz, 1H), 3.72 (s, 3H), 3.70 (s, 
6H), 3.61 (s, 2H), 1.72-1.67 (m, 2H), 1.36-1.24 (m, 2H), 0.84 (t, J = 7.3 
Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 172.3, 159.3, 128.9, 127.3, 125.9, 
125.4, 109.2, 58.1, 55.7, 52.3, 35.5, 33.6, 18.4, 14.5 
IR (neat): ν (cm-1) 2954, 2874, 2839, 1729, 1462, 1433, 1264, 1218, 1033, 766 
GC-MS (EI): Calcd for C16H21
79BrO5 [M]
 +•: 372, found 372 






Dimethyl 2-((3-chlorothiophen-2-yl)methyl)-2-propylmalonate (4.12o): 
From dimethyl n-propylmalonate and 2-(bromomethyl)-3-chlorothiophene using General 
procedures N. 4.12o was obtained as a yellow oil (510 mg, 1.67 mmol, 73%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.15 (d, J = 5.4 Hz, 1H), 6.85 (d, J 
= 5.4 Hz, 1H), 3.74 (s, 6H), 3.48 (s, 2H), 1.89-1.80 (m, 2H), 1.35-1.26 (m, 
2H), 0.93 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.3, 131.0, 127.5, 125.3, 124.3, 
58.9, 52.7, 34.4, 30.7, 17.9, 14.3 
IR (neat): ν (cm-1) 2958, 2875, 1732, 1436, 1286, 1219, 1123, 1042, 926, 709 
GC-MS (EI): Calcd for C13H17
35ClO4S [M]
 +•: 304, found 304 
Rf: 0.34 in a 90:10 mixture of pentane and ethyl acetate 
 
Diethyl 2-(2-bromobenzyl)-2-propylmalonate (4.12p): 
From diethyl n-propylmalonate and 2-bromobenzyl bromide using General procedures N. 
4.12p was obtained as a colorless liquid (679 mg, 1.83 mmol, 91%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.54-7.50 (m, 1H), 7.21-7.16 (m, 
2H), 7.10-7.02 (m, 1H), 4.22-4.10 (m, 4H), 3.47 (s, 2H), 1.85-1.79 (m, 2H), 
1.40-1.28 (m, 2H), 1.21 (t, J = 7.1 Hz, 3H), 0.92 (t, J = 7.3 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.4, 136.8, 133.2, 131.5, 128.5, 
127.3, 126.2, 61.4, 58.9, 37.6, 35.1, 18.1, 14.4, 14.1 
IR (neat): ν (cm-1) 2964, 2874, 1728, 1469, 1442, 1209, 1185, 1121, 1031, 861, 750 
GC-MS (EI): Calcd for C17H23
79BrO4 [M]
 +•: 370, found 370 
Rf: 0.42 in a 90:10 mixture of pentane and ethyl acetate 
 
5-(2-bromobenzyl)-2,2-dimethyl-5-propyl-1,3-dioxane-4,6-dione (4.12q): 
From n-propyl Meldrum’s acid and 2-bromobenzyl bromide using General procedures N. 
4.12q was obtained as a colorless liquid (900 mg, 2.53 mmol, 67%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.55 (dd, J = 8.0, 1.2 Hz, 1H), 7.28 
(dd, J = 7.7, 1.8 Hz, 1H), 7.24 (td, J = 7.5, 1.3 Hz, 1H), 7.10 (ddd, J = 8.0, 
7.3, 1.9 Hz, 1H), 3.54 (s, 2H), 2.20-2.12 (m, 2H), 1.61 (s, 3H), 1.34-1.24 
(m, 2H), 1.09 (s, 3H), 0.94 (t, J = 7.2 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 168.6, 134.9, 133.7, 132.5, 129.5, 
127.7, 125.7, 105.8, 56.0, 43.5, 42.0, 30.1, 29.0, 19.1, 14.1 




GC-MS (EI): Calcd for C16H19
79BrO4 [M]
 +•: 354, found 354 
Rf: 0.22 in a 95:5 mixture of pentane and ethyl acetate 
Mp: 71-73°C 
 
Dimethyl 2-(2-bromobenzyl)-2-ethylmalonate (4.12r): 
From 4.20b-Br and ethyl iodide using General procedures M. 4.12r was obtained as a 
colorless oil (2.85 g, 8.66 mmol, 87%). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.53 (dd, J = 8.0, 1.4 Hz, 1H) 7.23-
7.14 (m, 2H), 7.09-7.04 (m, 1H), 3.71 (s, 6H), 3.47 (s, 2H), 1.93 (q, J = 
7.5 Hz, 2H), 0.93 (t, J = 7.5 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 171.7, 136.4, 133.22, 131.4, 128.6, 
127.4, 126.1, 59.5, 52.5, 37.4, 26.1, 9.4 
IR (neat): ν (cm-1) 2951, 1729, 1435, 1223, 1125, 1026, 745 
HRMS (ESI): Calcd for C14H17
79BrNaO4 [M+Na]
+: 351.0202, found 351.0206 
Rf: 0.31 in a 95:5 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromobenzyl)-2-pentylmalonate (4.12s): 
From 4.20b-Br and n-pentyl iodide using General procedures M. 4.12s was obtained as a 
slightly yellow oil (506 mg, 1.36 mmol, 82%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.53 (dd, J = 8.0, 1.3 Hz, 1H), 7.20 
(td, J = 7.5, 1.3 Hz, 1H), 7.15 (dd, J = 7.8, 1.8 Hz, 1H), 7.06 (ddd, J = 8.0, 
7.3, 1.8 Hz, 1H), 3.70 (s, 6H), 3.48 (s, 2H), 1.87-1.81 (m, 2H), 1.33-1.25 
(m, 6H), 0.87 (t, J = 6.7 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.9, 136.5, 133.2, 131.4, 128.6, 
127.3, 126.1, 59.0, 52.5, 37.8, 33.0, 32.1, 24.4, 22.5, 14.1 
IR (neat): ν (cm-1) 2954, 2862, 1731, 1435, 1255, 1199, 1125, 1030, 750 
GC-MS (EI): Calcd for C17H23
79BrO4 [M]
 +•: 370, found 370 






Dimethyl 2-(2-bromobenzyl)-2-isopentylmalonate (4.12t): 
From 4.20b-Br and isopentyl iodide using General procedures M. 4.12t was obtained as a 
slightly yellow oil (515 mg, 1.39 mmol, 84%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.53 (dd, J = 8.0, 1.2 Hz, 1H), 7.22-
7.18 (m, 1H), 7.16 (dd, J = 7.8, 2.0 Hz, 1H), 7.06 (ddd, J = 8.0, 7.1, 2.0 
Hz, 1H), 3.70 (s, 6H), 3.48 (s, 2H), 1.90-1.84 (m, 2H), 1.57-1.45 (m, 1H), 
1.19-1.12 (m, 2H), 0.87 (d, J = 6.6 Hz, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.9, 136.5, 133.2, 131.4, 128.6, 
127.3, 126.1, 59.0, 52.5, 37.8, 33.5, 31.2, 28.5, 22.6 
IR (neat): ν (cm-1) 2954, 2871, 1731, 1435, 1265, 1239, 1205, 1133, 1030, 750 
GC-MS (EI): Calcd for C17H23
79BrO4 [M]
 +•: 370, found 370 
Rf: 0.36 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromobenzyl)-2-phenethylmalonate (4.12u): 
From 4.20b-Br and (2-iodoethyl)benzene using General procedures M, a second addition of 
NaH and alkyl iodide was necessary, and the reaction was stirred at 80°C overnight again. 4.12u 
was obtained as a slightly yellow oil (330 mg, 0.82 mmol, 49%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.56-7.52 (m, 1H), 7.29-7.25 (m, 
2H), 7.24-7.15 (m, 5H), 7.08 (ddd, J = 8.0, 6.3, 2.8 Hz, 1H), 3.73 (s, 6H), 
3.59 (s, 2H), 2.69-2.60 (m, 2H), 2.24-2.17 (m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.6, 141.3, 136.3, 133.3, 131.3, 
128.7, 128.5, 128.5, 127.5, 126.2, 126.1, 59.0, 52.6, 38.1, 34.7, 31.1 
IR (neat): ν (cm-1) 2951, 1730, 1435, 1199, 1173, 1026, 748, 699 
GC-MS (EI): Calcd for C20H21
79BrO4 [M]
 +•: 404, found 404 






Dimethyl 2-(2-bromobenzyl)-2-(3-phenylpropyl)malonate (4.12v): 
From 4.20b-Br and (2-iodopropyl)benzene using General procedures M. 4.12v was obtained 
as a slightly yellow oil (522 mg, 1.25 mmol, 75%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.57-7.51 (m, 1H), 7.30-7.25 (m, 
2H), 7.21-7.14 (m, 4H), 7.10-7.03 (m, 2H), 3.70 (s, 6H), 3.48 (s, 2H), 2.61 
(t, J = 7.7 Hz, 2H), 1.95-1.88 (m, 2H), 1.68-1.56 (m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.7, 141.9, 136.3, 133.2, 131.4, 
128.6, 128.6, 128.5, 127.4, 126.1, 126.0, 58.9, 52.6, 37.7, 36.0, 32.5, 26.7 
IR (neat): ν (cm-1) 3026, 2950, 2862, 1730, 1435, 1200, 1168, 1089, 1026, 748, 699 
GC-MS (EI): Calcd for C21H23
79BrO4 [M]
 +•: 418, found 418 
Rf: 0.26 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromobenzyl)-2-(3-fluoropropyl)malonate (4.12w): 
From 4.20b-Br and 1-fluoro-3-iodopropane using General procedures M. 4.12w was 
obtained as a white solid (435 mg, 1.20 mmol, 73%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.54 (dd, J = 8.0, 1.3 Hz, 1H), 7.21 
(td, J = 7.5, 1.3 Hz, 1H), 7.15 (dd, J = 7.8, 1.8 Hz, 1H), 7.08 (ddd, J = 8.0, 
7.3, 1.8 Hz, 1H), 4.42 (dt, J = 47.2, 6.0 Hz, 2H), 3.73 (s, 6H), 3.50 (s, 2H), 
2.00-1.92 (m, 2H), 1.79-1.66 (m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.5, 136.1, 133.3, 131.4, 128.8, 
127.5, 126.1, 83.8 (d, J = 166.1 Hz), 58.7, 52.7, 38.0, 28.9 (d, J = 5.9 Hz), 
26.1 (d, J = 20.1 Hz) 
19F NMR (235 MHz, CDCl3): δ (ppm) -218.7 
IR (neat): ν (cm-1) 2955, 2904, 1730, 1436, 1201, 1027, 752 
HRMS (ESI): Calcd for C15H18
79BrFNaO4 [M+Na]
+: 383.0265, found 383.0270 







Dimethyl 2-(2-bromobenzyl)-2-(3-((4-methoxybenzyl)oxy)propyl)malonate (4.12x): 
From 4.20b-Br and 3-(4-methoxyphenoxy)-1-iodopropane using General procedures M. 
4.12x was obtained as a slightly yellow oil (590 mg, 1.27 mmol, 76%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.54 (dd, J = 8.0, 1.1 Hz, 1H), 
7.23-7.17 (m, 2H), 7.08 (ddd, J = 8.0, 6.7, 2.3 Hz, 1H), 6.86-6.78 (m, 
4H), 3.90 (t, J = 6.4 Hz, 2H), 3.76 (s, 3H), 3.72 (s, 6H), 3.52 (s, 2H), 
2.06-2.00 (m, 2H), 1.82-1.74 (m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.6, 153.9, 153.1, 136.2, 133.3, 
131.5, 128.7, 127.4, 126.1, 115.6, 114.8, 68.4, 58.8, 55.9, 52.6, 37.8, 
29.6, 25.0 
IR (neat): ν (cm-1) 2951, 1730, 1507, 1227, 1032, 824, 749 
GC-MS (EI): Calcd for C23H27
79BrO6 [M]
 +•: 478, found 478 
Rf: 0.12 in a 90:10 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromobenzyl)-2-(4-((tert-butyldimethylsilyl)oxy)butyl)malonate (4.12y): 
From 4.20b-Br and tert-butyl(4-iodobutoxy)dimethylsilane using General procedures M. 
4.12y was obtained as a slightly yellow oil (610 mg, 1.25 mmol, 75%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.53 (dd, J = 8.0, 1.3 Hz, 1H), 
7.22-7.17 (m, 1H), 7.15 (dd, J = 7.8, 1.9 Hz, 1H), 7.06 (ddd, J = 8.0, 7.2, 
1.9 Hz, 1H), 3.70 (s, 6H), 3.59 (t, J = 6.3 Hz, 2H), 3.48 (s, 2H), 1.89-1.82 
(m, 2H), 1.55-1.47 (m, 2H), 1.40-1.30 (m, 2H), 0.88 (s, 9H), 0.03 (s, 6H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.8, 136.4, 133.2, 131.4, 128.6, 
127.4, 126.1, 62.8, 59.0, 52.5, 37.7, 33.1, 32.7, 26.1, 21.2, 18.4, -5.2 
IR (neat): ν (cm-1) 2952, 2858, 1735, 1436, 1252, 1099, 835, 775, 750 
GC-MS (EI): Calcd for C22H35
79BrO5Si [M]
 +•: 486, found 486 






Dimethyl 2-(2-bromobenzyl)-2-(3-(1,3-dioxoisoindolin-2-yl)propyl)malonate (4.12z): 
From 4.20b-Br and N-(3-bromopropyl)phtalimide using General procedures M. 4.12z was 
obtained as a white solid (576 mg, 1.18 mmol, 71%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.85-7.81 (m, 2H), 7.74-7.69 (m, 
2H), 7.51 (dd, J = 8.0, 1.2 Hz, 1H), 7.17 (td, J = 7.4, 1.3 Hz, 1H), 7.12 
(dd, J = 7.7, 1.9 Hz, 1H), 7.04 (ddd, J = 8.0, 7.2, 1.9 Hz, 1H), 3.70 (s, 
6H), 3.67 (t, J = 7.3 Hz, 2H), 3.46 (s, 2H), 1.93-1.86 (m, 2H), 1.76-1.65 
(m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.4, 168.4, 136.1, 134.1, 133.3, 
132.3, 131.5, 128.7, 127.4, 126.1, 123.3, 58.8, 52.7, 38.0, 37.8, 29.9, 24.2 
IR (neat): ν (cm-1) 2952, 2869, 1711, 1394, 1271, 1179, 1053, 943, 717 
GC-MS (EI): Calcd for C23H22
79BrNO6 [M]
 +•: 487, found 487 
Rf: 0.22 in a 75:25 mixture of pentane and ethyl acetate 
Mp: 124-126°C 
 
Trimethyl 5-(2-bromophenyl)pentane-1,4,4-tricarboxylate (4.12aa): 
From 4.20b-Br and methyl 4-iodobutyrate using General procedures M. 4.12aa was 
obtained as a slightly yellow oil (514 mg, 1.28 mmol, 77%). 
1H NMR (500 MHz, CDCl3): δ (ppm) 7.53 (dd, J = 8.0, 1.3 Hz, 1H), 
7.20 (td, J = 7.5, 1.3 Hz, 1H), 7.15 (dd, J = 7.8, 1.8 Hz, 1H), 7.07 (ddd, 
J = 8.0, 7.3, 1.9 Hz, 1H), 3.71 (s, 6H), 3.65 (s, 3H), 3.48 (s, 2H), 2.31 (t, 
J = 7.5 Hz, 2H), 1.90-1.84 (m, 2H), 1.69-1.60 (m, 2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 173.5, 171.5, 136.2, 133.3, 131.4, 
128.7, 127.4, 126.1, 58.9, 52.6, 51.7, 37.8, 34.2, 32.4, 20.5 
IR (neat): ν (cm-1) 2953, 1729, 1435, 1199, 1166, 1026, 751 
GC-MS (EI): Calcd for C17H21
79BrO6 [M]
 +•: 400, found 400 






Dimethyl 2-(2-bromo-4-fluorobenzyl)-2-ethylmalonate (4.12ab): 
From 4.20a and ethyl iodide using General procedures M. 4.12ab was obtained as a colorless 
oil (842 mg, 2.42 mmol, 78%). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.30-7.25 (m, 1H), 7.18 (dd, J = 
8.7, 6.0 Hz, 1H), 6.94 (ddd, J = 8.7, 7.8, 2.7 Hz, 1H), 3.70 (s, 6H), 3.42 
(s, 2H), 1.92 (q, J = 7.5 Hz, 2H), 0.93 (t, J = 7.5 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.6, 161.2 (d, J = 250.4 Hz), 
132.4 (d, J = 3.79 Hz) 132.2 (d, J = 8.2 Hz), 125.9 (d, J = 9.0 Hz), 120.2 (d, J = 24.2 Hz), 114.6 
(d, J = 20.8 Hz), 59.5, 52.5, 36.8, 26.4, 9.4 
19F NMR (471 MHz, CDCl3): δ (ppm) -113.7 
IR (neat): ν (cm-1) 2952, 1729, 1599, 1487, 1221, 1115, 1032, 879, 778 
HRMS (ESI): Calcd for C14H16
79BrFNaO4 [M+Na]
+: 369.0108, found 369.0111 
Rf: 0.23 in a 95:5 mixture of pentane and ethyl acetate 
 
Dimethyl 2-(2-bromo-4-fluorobenzyl)-2-(ethyl-d5)malonate (4.12ac): 
From 4.20a and iodoethane-d5 using General procedures M. 4.12ac was obtained as a slightly 
yellow oil (934 mg, 2.65 mmol, 83%). 
 1H NMR (400 MHz, CDCl3): δ (ppm) 7.27 (dd, J = 8.2, 2.6 Hz, 1H), 
7.17 (dd, J = 8.7, 6.1 Hz, 1H), 6.97-6.90 (m, 1H), 3.70 (s, 6H), 3.41 (s, 
2H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.6, 161.2 (d, J = 250.3 Hz), 
132.4 (d, J = 3.7 Hz), 132.2 (d, J = 8.3 Hz), 125.9 (d, J = 9.3 Hz), 120.2 
(d, J = 24.1 Hz), 114.6 (d, J = 20.7 Hz), 59.3, 52.5, 36.7, 26.0-25.1 (m), 8.8-7.8 (m) 
19F NMR (471 MHz, CDCl3): δ (ppm) -113.7 
IR (neat): ν (cm-1) 2953, 1729, 1600, 1488, 1227, 1069, 1033, 882, 859, 831 
GC-MS (EI): Calcd for C14H11D5
79BrFO4 [M]
 +•: 351, found 351 









General procedure O: Representative procedure for the asymmetric C(sp3)–H arylation 
 
In an 2-5 mL microwave reaction vial, substrate (0.2 mmol) was introduced. Then the tube was 
transferred in glovebox and [Pd(π-All)Cl]2 (3.7 mg, 10 μmol, 5 mol%), IBioxAd·HOTf (11.4 
mg, 20 μmol, 10 mol%), cesium pivalate (14 mg, 60 μmol, 30 mol%), cesium carbonate (65 
mg, 0.2 mmol, 1 equiv) and 5Å molecular sieves powder (50 mg) were introduced and the vial 
was then sealed. Outside of the glovebox, α,α,α-trifluorotoluene (2 mL) was added. The 
reaction was stirred at room temperature for 10 min. The vial was then introduced in a 140°C 
preheated aluminium block and stirred at this temperature for 15 hours. After this period the 
reaction was coolded to room temperature, diluted with DCM (1 mL), filtered over a pad of 
celite (washed three times with 1 mL of DCM). The crude material was analyzed by GC-MS 
and then concentrated and purified by preparative HPLC chromatography (EtOAc/hexane) to 
yield the corresponding indane product. Enantiomeric ratio were then determined by HPLC 
using a chiral stationary phase. 
Racemic materials were obtained following the same procedure, using IBioxSpiCy·HOTf as 
ligand. 
 
Dimethyl (R)-1-ethyl-6-fluoro-1,3-dihydro-2H-indene-2,2-dicarboxylate (4.13a): 
From 4.12a using General procedures O. 4.13a was obtained as a white solid (48.2 mg, 0.172 
mmol, 86%).  
 1H NMR (500 MHz, CDCl3): δ (ppm) 7.10 (dd, J = 8.2, 5.2 Hz, 1H), 
6.91 (dd, J = 8.9, 2.4 Hz, 1H), 6.85 (td, J = 8.8, 2.5 Hz, 1H), 3.76 (s, 3H), 
3.79-3.73 (m, 2H), 3.69 (s, 3H), 3.26 (d, J = 16.3 Hz, 1H), 1.62-1.49 (m, 
1H), 1.46-1.36 (m, 1H), 0.96 (t, J = 7.4 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 172.2, 170.3, 162.2 (d, J = 243.6 
Hz), 146.5 (d, J = 7.9 Hz), 134.5 (d, J = 2.6 Hz), 125.4 (d, J = 8.7 Hz), 114.1 (d, J = 22.4 Hz), 
112.2 (d, J = 22.6 Hz), 66.1, 53.1, 52.7, 51.5 (d, J = 2.1 Hz), 38.3, 23.9, 11.7 




IR (neat): ν (cm-1) 2961, 2928, 1728, 1484, 1437, 1237, 1159, 875 
HRMS (ESI): Calcd for C15H17FNaO4 [M+Na]
+ : 303.1003, found 303.1004 
Rf: 0.26 in a 95:5 mixture of cyclohexane and ethyl acetate 
Mp: 104-107°C 
[α]D20: -188.4° (c = 1.16, CHCl3)  
HPLC separation: Chiralcel® OD-H; 99.5:0.5 (n-heptane/i-PrOH), 0.5 ml.min-1, 271 nm, tR 






Dimethyl (R)-1-ethyl-1,3-dihydro-2H-indene-2,2-dicarboxylate (4.13b): 
From 4.12b-Br using General procedures O. 4.13b was obtained as a colorless oil (38 mg, 
0.145 mmol, 72%).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.25-7.13 (m, 4H), 3.82 (d, J = 16.5 
Hz, 1H), 3.80 (dd, J = 9.7, 4.9 Hz, 1H), 3.76 (s, 3H), 3.68 (s, 3H), 3.32 (d, 
J = 16.5 Hz, 1H), 1.61-1.48 (m, 1H), 1.47-1.34 (m, 1H), 0.97 (t, J = 7.4 Hz, 
3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 172.3, 170.7, 144.3, 139.1, 127.2, 
126.7, 125.0, 124.5, 65.7, 53.0, 52.6, 51.5, 39.0, 24.1, 11.8 
IR (neat): ν (cm-1) 2958, 2933, 1729, 1234, 1152, 1072, 942, 759 
HRMS (ESI): Calcd for C15H18NaO4 [M+Na]
+ : 285.1097, found 285.1103 
Rf: 0.32 in a 90:10 mixture of cyclohexane and ethyl acetate 
[α]D20: -208.3° (c = 1.01, CHCl3)  
HPLC separation: Chiralcel® OD-H; 99.5:0.5 (n-heptane/i-PrOH), 0.5 ml.min-1, 266 nm, tR 
(minor) = 19.3 min, tR (major) = 23.0 min, 98:2 e.r. 
 
Dimethyl (R)-1-ethyl-5-nitro-1,3-dihydro-2H-indene-2,2-dicarboxylate (4.13g): 
From 4.12g using General procedures O. 4.13g was obtained as a colorless oil (37.5 mg, 0.122 
mmol, 61%).  
1H NMR (400 MHz, CDCl3): δ (ppm) 8.07 (dd, J = 8.3, 2.1 Hz, 1H), 
8.04 (s, 1H), 7.35 (d, J = 8.3 Hz, 1H), 3.87 (d, J = 16.8 Hz, 1H), 3.86 
(dd, J = 9.6, 5.0 Hz, 1H), 3.78 (s, 3H), 3.70 (s, 3H), 3.39 (d, J = 16.8 
Hz, 1H), 1.68-1.53 (m, 1H), 1.53-1.37 (m, 1H), 0.97 (t, J = 7.4 Hz, 
3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.6, 169.8, 152.1, 147.8, 141.0, 125.4, 122.7, 119.9, 
65.6, 53.3, 52.9, 51.4, 38.7, 23.7, 11.7 
IR (neat): ν (cm-1) 2955, 2879, 1728, 1522, 1430, 1341, 1248, 1216, 1158, 1086, 1056, 859, 
751 
HRMS (ESI): Calcd for C15H17NNaO6 [M+Na]
+ : 330.0948, found 330.0946 
Rf: 0.22 in a 93:7 mixture of cyclohexane and ethyl acetate 
[α]D20: -185.3° (c = 1.07, CHCl3)  
HPLC separation: Chiralcel® OD-H; 95:5 (n-heptane/i-PrOH), 0.5 ml.min-1, 295 nm, tR 







From 4.12h using General procedures O. 4.13h was obtained as a colorless oil (62.2 mg, 
0.190 mmol, 95%).  
1H NMR (500 MHz, CDCl3): δ (ppm) 7.44 (d, J = 8.5 Hz, 1H), 7.43 
(s, 1H) 7.32 (d, J = 8.5 Hz, 1H), 3.85 (d, J = 16.8 Hz, 1H), 3.84 (dd, J 
= 9.8, 4.9 Hz, 1H), 3.78 (s, 3H), 3.69 (s, 3H), 3.36 (d, J = 16.8 Hz, 
1H), 1.63-1.51 (m, 1H), 1.48-1.36 (m, 1H), 0.97 (t, J = 7.4 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 171.9, 170.1, 148.4, 140.0, 
129.7 (q, J = 32.1 Hz), 125.2, 124.5 (q, J = 272.0 Hz), 124.0 (q, J = 3.8 Hz), 121.5 (q, J = 3.7 
Hz), 65.6, 53.2, 52.8, 51.4, 38.8, 23.8, 11.7 
19F NMR (471 MHz, CDCl3): δ (ppm) -62.1 
IR (neat): ν (cm-1) 2975, 2877, 1731, 1436, 1327, 1252, 1153, 1114, 1065, 834 
HRMS (ESI): Calcd for C16H17F3NaO4 [M+Na]
+ : 353.0971, found 353.0973 
Rf: 0.28 in a 95:5 mixture of cyclohexane and ethyl acetate 
[α]D20: -161.2° (c = 1.23, CHCl3)  
HPLC separation: Chiralcel® OD-H; 99.5:0.5 (n-heptane/i-PrOH), 0.5 ml.min-1, 214 nm, tR 
(minor) = 16.3 min, tR (major) = 18.6 min, 98:2 e.r. 
 
Trimethyl (R)-3-ethyl-1,3-dihydro-2H-indene-2,2,5-tricarboxylate (4.13l): 
From 4.12l using General procedures O. 4.13l was obtained as a colorless oil (57.1 mg, 0.178 
mmol, 89%).  
1H NMR (500 MHz, CDCl3): δ (ppm) 7.88 (s, 1H), 7.88 (d, J = 8.3 
Hz, 1H), 7.24 (d, J = 8.3 Hz, 1H), 3.89 (s, 3H), 3.84 (d, J = 17.0 Hz, 
1H), 3.83 (dd, J = 9.7, 5.0  Hz, 1H), 3.76 (s, 3H), 3.68 (s, 3H), 3.35 
(d, J = 17.1 Hz, 1H), 1.63-1.52 (m, 1H), 1.50-1.37 (m, 1H), 0.98 (t, 
J = 7.4 Hz, 3H) 
13C NMR (126 MHz, CDCl3): δ (ppm) 172.0, 170.3, 167.3, 144.8, 144.7, 129.1, 129.0, 126.1, 
124.5, 65.6, 53.1, 52.7, 52.2, 51.2, 39.2, 24.0, 11.8 
IR (neat): ν (cm-1) 2970, 2929, 2856, 1728, 1719, 1437, 1256, 1161, 1098, 866, 759 
HRMS (ESI): Calcd for C17H20NaO6 [M+Na]
+ : 343.1152, found 343.1158 
Rf: 0.25 in a 90:10 mixture of cyclohexane and ethyl acetate 




HPLC separation: Chiralcel® OD-H; 90:10 (n-heptane/i-PrOH), 0.1 ml.min-1, 204 nm, tR 
(minor) = 6.7 min, tR (major) = 8.4 min, 99:1 e.r. 
 
Dimethyl (R)-1-methyl-1,3-dihydro-2H-indene-2,2-dicarboxylate (4.13r): 
From 4.12r using General procedures O. 4.13r was obtained as a colorless oil (36.7 mg, 0.148 
mmol, 74%).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.24-7.11 (m, 4H), 4.04 (q, J = 7.2 
Hz, 1H), 3.77 (d, J = 16.6 Hz, 1H), 3.73 (s, 3H), 3.73 (s, 3H), 3.31 (d, J = 
16.6 Hz, 1H), 1.23 (d, J = 7.2 Hz, 3H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 172.3, 170.9, 145.5, 139.1, 127.2, 
127.2, 124.2, 123.5, 64.9, 52.9, 52.5, 45.2, 39.2, 16.7 
IR (neat): ν (cm-1) 2956, 1730, 1434, 1243, 1158, 1073, 1047, 754 
HRMS (ESI): Calcd for C14H16NaO4 [M+Na]
+ : 271.0941, found 271.0945 
Rf: 0.28 in a 90:10mixture of cyclohexane and ethyl acetate 
[α]D20: -194.9° (c = 1.13, CHCl3)  
HPLC separation: Chiralcel® OD-H; 99:1 (n-heptane/i-PrOH), 0.5 ml.min-1, 266 nm, tR 
(minor) = 18.9 min, tR (major) = 19.8 min, 95:5 e.r. 
 
Dimethyl (R)-1-(2-fluoroethyl)-1,3-dihydro-2H-indene-2,2-dicarboxylate (4.13w): 
From 4.12w using General procedures O. 4.13w was obtained as a colorless oil (51.0 mg, 
0.182 mmol, 91%).  
1H NMR (400 MHz, CDCl3): δ (ppm) 7.25-7.16 (m, 4H), 4.53 (ddd, J = 
47.0, 7.4, 5.0 Hz, 2H), 4.09 (dd, J = 9.8, 5.3 Hz, 1H), 3.79 (d, J = 16.5 Hz, 
1H), 3.77 (s, 3H), 3.70 (s, 3H), 3.36 (d, J = 16.5 Hz, 1H), 2.05-1.88 (m, 
1H), 1.86-1.65 (m, 1H) 
13C NMR (101 MHz, CDCl3): δ (ppm) 171.9, 170.4, 143.0, 139.1, 127.6, 
127.1, 124.8 (d, J = 1.2 Hz), 124.7, 81.7 (d, J = 165.4 Hz), 65.4, 53.1, 52.8, 46.0 (d, J = 5.8 
Hz), 39.0, 31.3 (d, J = 20.1 Hz) 
19F NMR (376 MHz, CDCl3): δ (ppm) -219.9 
IR (neat): ν (cm-1) 
HRMS (ESI): Calcd for C15H17FNaO4 [M+Na]
+ : 303.1003, found 303.1008 





[α]D20: -176.6° (c = 1.99, CHCl3)  
HPLC separation: Chiralcel® OD-H; 99:1 (n-heptane/i-PrOH), 0.5 ml.min-1, 211 nm, tR 
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Circular dichroism spectrum of 2.32v 
 
To avoid assigning the absolute configuration to the minor enantiomer, the circular dichroism 
spectrum of the solution prepared from the same single crystal of 2.32v, which was analyzed 
by X-ray diffraction, was measured. It showed the same Cotton effect as the corresponding 









































Mother liquor of 5u
crytal of 5u after X-Ray analysis
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From 3.11i with IBioxMe4·HOTf: 
 
 
From 3.11i with 3.29: 
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From 3.11j with IBioxMe4·HOTf: 
 
 
From 3.11i with 3.29: 
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From 3.63a with IBioxMe4·HOTf: 
 
From 3.63a with 3.29: 
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From 3.63c with 3.34: 
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